
AD-A260 672

SHEAR-WAVE SEISMIC
REFLECTION EXPLORATION C-OR

CAVITIES AND TUNNELS

VOLUME II - APPENDICES

FINAL TECHNICAL REPORT

JAN.2 2 1993

Contract No. DACA39-86-K-0017S
SwRI Project No. 14-1421

Prepared for:

U.S. Army Engineer Waterways Experiment Station
Corps of Engineers

P.O. Box 631
Vicksburg, MS 39180-0631 .

\ IN " U .. . 1- 5-l-- d

September 1987

93-01149 v94ý

SOUTHWEST RESEARCH INSTITUTE
L SAN ANTONIO HOUSTON



DISCLAIMER NOTICE

THIS DOCUMENT IS BEST

QUALITY AVAILABLE. THE COPY

FURNISHED TO DTIC CONTAINED

A SIGNIFICANT NUMBER OF

PAGES WHICH DO NOT

REPRODUCE LEGIBLY.



REPORT~1 DOCU ENTTIO PAG 0LINON NUMB30

ge fr ~~c: rg c i.~dri a avit es epr sen Ati rve d o f o pan-mad tun eles. Te;
~~~~~Sm L Disaetrtinn clnria a ity uin oa hg-ualimty edrc

Synt e ~ ~ refwec~ cn eis o r m wereE co p te o l us r te th ei a reflec ti on

Sy ~ ~ ~ ~ ~ ~ ~ ~ 7 suface SSve on~q thSeletd SHwvsaatoud t e , si nd ifi catenog
eq ire ~ se f Cu lbs rface co pld sou6c anBet o rs 6 o3 r ct c l de e t o

f... *A~jC& Q 10.' SORC OF' FUNIN orJ? Uclas Ite
TuE Pi-jON' aRejEC

valr. ~ ~ ~ ~ ~ A Vh206-60 LEET O NON

~ e. j I I~ UnI -s F i a

Sel~~~~~~~al:~~~ ~ 2eeetinTPQrt1niC Sct* n Tnes

nd "I



19. Abstract (cont'd)

force transducer operating on the electrical arc discharge principle is recommended

as the source device and three-component borehole-coupled seismic detectors are

recommended for complete SH-wave data acquisition. This seismic exploration system,

designed to operate in the frequency range of 400-1,600 Hz together with specialized

data processing techniques capable of preserving the high-frequency timing accuracies

in the seismic signals and enhancing reflections from localized cavity targets,

is recommended for future prototype development and field evalaution.
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APPENDIX A

The Green's Function for the Unbountded ,'Iedium

The two-dimensional Green's function for an unbounded medium in the

absence of a surface layer is a solution of the inhomogeneous wave equation

(V 2 +k 2 )G(x,y;x',y') = -6(x-x')6(y-y') (A-i)

To find the solution, tne wave equation is first referred to a cartesian coor-

dinate system (x,y) having an S"'-wa.e line source at the origin

(V 2 +k 2 )G(x,y) -6(x)6(y) , (A-2)

anJ! is then transformed to a wave equation in polar coordinates. Thus, the e
idec: itv

f6(r)dr = 1 ff 6(x)5(y)dxdy ff rdrd-5(x)5(y)
S S

Ieals to

6(0)6(y) - ( )•.;

a,ý,' thý, :-13.•r coordinate form of the wave equation is •,,

( (r)[--~ r -j+ k2]G(r) = - --. (A-Y'Z~

For r t 0, this equation becomes

' (r i-) + k2 ]G(r) = 0 . (A-4)

The solution of this equation is thý Hankel function of zeroth order. Since
Equation (A-4) exhibits a singularity at r = 0 and the Hankel function solu-
tion should represent an outgoing wave, then

G(r) = cHo(')(kr) . (A-5)

\ - I •



The constant c may be determined by mattching the bcundary cndit ion at
r 0. Thus, integrating Equation (A-3) over an infinitesimal area 2-rdr ,nd
letting r 0 0, results in

r(0r)] + 2 f2nrG(r)dr} -1
lim {2%r(-, ý-% - + k A-1- .•

r+ 0

Using the asymptotic expression for the Hankel function

2

Ho( 1 )(kr) + j 2 log (kr)

kr + 0

and substituting G(r) = c log (kr) into Equation (A-6) yields

_lir {4cj + k 2 4cjfr log (kr)dr} -1
r + 0

from which it follows that

C c 4

and, from Equation (A-5),

G(r) = Ho( 1 )(kr)4

This result is the two-dimensional Green's function in cylindrical coorii-
nates. A more general representation of this solution for an StH'-ave i'e
source at (r', ') and a detector point located at (r,ý) is

G(r,r') =4-• HitNo(')(klr-r'I] (A-i)

Introducing the spectral representation of the Hankel function as giý'en
by Stinson (1976), the free-space Green's function in cartesian coordinates
takes the form

G(x,y;x',y') = f -_ (x X'eik(Y-Y')dk (A-8)

A-2

*



whŽr e:

=(k
2  X 2)1/2

I ejyx',v' 1 e ejX'(Y-y')dk for y (X2-k.2 )1/2  (-)

A-3



APPENDIX B

THE INTEGRAL EQUATION FORMULAT [ON
4y-7



APPENDIX B

The Integra_1 Eat ion Formulation

The total wave displacement ut in a medium is composed of two parLs: th1,-

incident wave u(i) and the scattered wave u(s). ThuI

ut= u(i) + u(s) (B-1)

-Eah wave function satisfies the Helmholtz first (interior) and second (exte-

rior) formulas. The geone'ry representing the first Helmholtz equation is

illustrated in Figure B-1. This first equation is given by 7.

[u(r') 
u(r); for r inside S

ffs[G(r,r,)' u r) u(r') G r r' ] S ={(B-2)

S ar 3r 0; for r outside S

where G(r,r') is the Green's function.

SP(x, Y, Z)

FIGURE B-I. GEOMETRY OF THE OBSERVATION POINT P(r) AND SOURCE POINT Q(r')

FOR THE HELMHOLTZ INTERIOR PROBLEM

The Helmholtz interior formula is applicable to the case when all of the sin-

gularities of the function u(r) lie outsIde of the surface S. That iq, it is

valid only when the function u(r) and its first and second partial derivatives

are continuous on or inside of the surface S.

B-I



Alternatively, if all of the singularitits of u(r) lie within a.

surface, S, the Green's identity given by

fff (uV2G - G 2u)dV ff H r - G 4 r)dS , - 3
V S br 6

may be applied to the region V bounded internally by S and externally by

another closed surface r. That is, for example, by the surface of 3 s:er'

with the center at the origin and having a large radius, R, as ill: :>oLd i.

Figure B-2.

rr

vs-
VS 0

FIGURE B-2. GEOMETRY FOR THE OBSERVATION POINT P(r) AND A SOURCE P0\ .T ',

FOR WAVES EXTERIOR TO THE SURFACE S

For this case, the Htelmholtz second (exterior) formula is used and is <vcn

by

u(r') Iu(r); for r outside SJf sU(r,) - G~r',r)- -]s { (34

S r' 0r' 0; for r inside S

The scattered wave displacement, us, which physically represents the

waves radiated by secondary sources on or ;nside the surface, S, usually is

singular inside VS. Thus, Helmholtz's st, id formula is applicable with

ff Iusr(r r -r') G(r,r') L1uS r')]dSr= uS(r) ; for r in V (B-5)

S a-r

B -2



In additio., the incident wave displacement, u(i), whic', has no singul irity "
inside the boundary, S, satisfies the first Helmholt:, formaula

'4

ff [G(r'r') r u~i)(r(r, - u(i)(r ) -- _rr' -]dS 9 ; for r in V (B-6)

Add ing Equations (B-5) and (B-6) and substituting the result into Equiation•n
(B-I) yields the total wave displacemtmnt function as

(t) M + j Gbu(t)(r')G ) u t r G(rr') -u-t)(r-]dS ; for r in V . (B-7)

Since the Green's function G(r,r') is known, Equ3tion (B-7) states that the
scattered waves in the region V, outside of the boundary surface S of the
scatterer, can be found from an integration over S if the values of u(t) and
3 u(t)

on the surface are known. For example, for a cylindrical air-filled

cavity, the normal derivative of the total wave displacement vanishes at the
surface S, (i.e., a stress-free boundary condition). Then the total wave
displacement, ut, at the surface S satisfies the integral equation

au(i)(r) ',i:
- - .... ..r) - S u(t)(r ) •G(r,r') dS ; for r on S . (B-8)

6r 3r S br'

After the value for u(t)(r) at the surface r = a is found, the total wave dis-
pIav.•,,, for values of r > a can be determined usizg the integral equation
for r in V given by

u(t)(r) u()(r) + u(t)(r') G(r,r') dS (B-9)

B-3
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APPENDIX C

Foraal Solution of the Integral Pam

The integral Pnm given in Equation (107a) may be transformt-d into a more
convenient form for numerical evaluation. This integral can be converted to an
integral having limits of integration between 0 to using the transformation

n n_.

(... )ej\nd\ )jn + X2 -k 2
2  + / X2  k 2

2  dk (C-1)0 k2 k2

Thii.s, the integral Pnn can be reduced to

n o e-2k2)( 2 -1) 1 !2(H-h) 7•r+ n+mP m =j-M 0 2q (712_1) 1/2 + ,r2 1 )'

n+m
+ (_T + T )n_ dTj (C-2)

-R+ 2k2(l 2 -v2 ) I /2
'It r• : o ,

2 2-2 1/2
-R +D e=2(T

1 Re-2k 2 (r 2 -• 2 )

in .hich

R 2(,2-v2)/2 + (T/2-1)1/2

ý2

kI

S= k-1

Vk2 =-

I'2

C
2

c-1



rhe integral Pnm can be evaluated along the contour shown in Figure C-d. rt
7.points exist at (1,0) and (v,0). The branch lines (0-1 ) and 0-v) se~parate e

regions whvere Im( -V2)1/2 and Im(q 2 -l)1/ 2 are positive (above the qR-a.'s :rrr
the regions There both of the quantities are negative (below the na-axis).

that Re(q 2 -v 2 ) 1 / 2 and Re(- 1)1/2 are always positive (the integrals will
converge otherwise). In addition, simple poles TP are located at

I - Re- 2 k2(2 )

(P)This resonance equation has real solutions in the interval I < 1 R

top Riemann s3 et, and complex solutions, to be denoted by 1 , for n R
on the lower Riemann sheet. The former describes spectral -cdal fie',.-1,
inside the top layer and which decay into the bottom layer, -cr7is 1.. 1
describes nonspectral l, aky modal fields that transmit energy into e ,.
layer (Kamel .nd Felsen, 1981).

LEAKY MODE
"POLES

.x s-TRAPPED MODE POLES

1 V B

"A .13,

Th, FUE C I CONTOUR OF INTEGRATION TO EVALUATE fHE FUNCTION Pn,

SThus, the integral Plim can be evaluated along the contour illustrated in Figu-!re

C-1 is follows

Pn( )d'R = )d- + fA )dn + f ()dr + ()dBR (C-4Cn fA B C

S~ whe re :

n R + Jnl•



This scheme of integration has been applied and t, 3ted using tLh' inte gral

form of the Hank.l function by El-Akily (1980). In fact, to check th, numori-
cal evaluation of the int -gral, Pnm, the integral form of the Hankeel function
H,,(2k21H-h1 ) may be used. This Hankel function cin be deducei by makiry

I= in Equation (C-2); that is,

1 -2k2(n2-1 (H-h) n +

Hnk2!Hh,) o + n2 - +

+ d-n- + /2- (C-5)

C-3



APPENDIX D

ASYMPTOFIC SOLUTION OF THE INTEGRAL Pni, 1 2

2



APPENDIX D

As"mptotic Solution of the Integral Pr

Making the s~ibstitution X = k2 sin in the integral Pn,, given by Equ:-i

tion (1 0 7a) leads to

Pn, = ( )n+:n I f (O)e2jk)(Il-h) cos 9 + jO(n+:)dO (D-I

where the integration path P is shown in Figure D-I and E2(0) is given b,

S-R + 2jk 2 h(v
2 -sin

2O) 7 /2

1 - Re 2 jk 2h (v2- 2,-2 -
([1 

2)

in which

R 2 (v
2 -sin

2 q)I/
2  

- cos 0R
p2(v 2 -sin 2 0)1/ 2 + cos 0

'2

k 1

anl, v =
k2

D-1



r / LEAKY MODE POLES

x

X
X AlP)

Xe
X

X
XX X

-n1/2 Q -T/2

S.TRAPPED MODE

POLES

FIGURE D-1. INTEGRATION PATH FOR THE INTEGRAL Pnm

IN THE COMPLEX-ANGLE (0) PLANE

The asymtotic solution of the integral Pnm may be derived using the

saddle-point method as described in Kong (1986). To obtain an appropriate

form of the integral given in Equation (D-1) and to remove the sing;:!arities

from the resonance equation, the integrand, E2(0), may be expanded in a pc.or

series as

-R + e 2 jk 2 ha (>3)

-2(0) - 2 jk2h- =(+) - Ri+le 2 jk2 ]-3)
R'1 1 =0

where:

a = (v 2 - sin
2 0)1/2

Equation (D-1) may then be expressed as

Prim= (-l)n+m _I f fRe 2jklha(iC+I) + jO(n+m) e2jk 2 (H-h) cos 0d9

I =0

f J R-+le 2 jk2ahl + jO(n+m) e 2jk 2 (H-h) cos 0do1 (0-4)
r

D-2



Each intetral of Equation (D-4) may be represent2d in thto form

12 (T) = f dOF 2 ()(0 )ef( (D-5

where rl is a large parameter. Equation (D-5) has been derived by the saddle-
point method and is (Kong, 1986)

FZ (O eq(9 / 2 i 2 f I f''' F'
12(11) ¢-n {l + 77Yf ll •

I fir 5 (f''') 2  F'- ++ , - + "' r(D-6)

4 f 12 (f'') 2  F

wht,:e 0o is the saddle point.

From Equation (D-4), the function, f, for the first Irtegr-il is

iii cos h(t+l)]

and is, for the second integral

f ] j[co.- e + -_hi

from whAich the paraneter q is deduced to be

= 2k 2 ( H-h)

Since the integrals of Equation (D-4) have the same form, the saddle point,
9o, is determined for the first integral to be

- j[cos e + ah(0+1)] = 0•O H-h

which give.;

0 nri; for n = O,l,t2 ......

D-3



Since the ýZatdle paoint must b. with in the irntiý±rva 1 -1/2 < 00 < '1112, thevn
MUý-t be equal to zt~ro. Thiere'ore, cvaiuating the derivatives of the ptj

f HfZ+j(&) at 00 0 and .;UbStitulting th-eM into Eqjuation 0D-6) vi,21ds

I( ) F~e e2]k(Hh~ ~ +vh( Z+l)
H. T R 9 e1-h 1  1 + RY( F T1

Ij~ I +

1 e l 1I F '

4 , h 1 +H-h 4 1 +el-+F
- ~ ~ 1-~ vk(-)~+hZl

whe re:

and Fj(9o), (F' /F ) 0 -) are yet to be determiined .

For convenience, the f~inct ion Fj F(9) is def ined as

whlere:

R ER(O)

In or..er to evaluiate Equation (D-7 ) for O8, 0, the function Fj and th-e
ratio Fl' '/F.Z are? required. The secoind de~rivative of Equation (D-8) is

derived to be

dc d2 Ra da

F- cc + c d R a
2 (aZj' dO' do a

whoure:

dRa dR

do d

d2Ra d!Rl 2 d2R

(102d

1) -4



dR 2 2, i ri

dO (12,x + Cos 0)2

d 2R 2 2) W±S t + sin 20 + d_ , = 2(-,);2 
-1 n-

do2 (C2,_ + cos 0)

At the saddle-point 0o 0, the ratio between Equition (D-9) and D-8) is

F '' + 2
F2_' __) 2,K-va_ + c2(D-10)

Kja (C2v)2- )

an' the function Fk(() is given by

(F 2 )a = R

a

In toe first integral of Equation (D-4), defined as

+i
i1 = / R~2k2(H--h)rCOS 0 + h(.---i)-- Onm~O,(-1

IiR fRe LRh 1  d 0( on (D-1II

the functr ion F2 at s.ddle point 0o = 0 is

FX(O) = (D-12)

aI

2 O-=0 ) -(v - (n+&-f . (2-13)F,- 0 =o (,2v) 2 - 1

Th,,s, the asymtotic solution of the inte:, ral 11 is

2jk 2 (H-h) + 2jk2h(+l)v j - 1122

I=0 2k 2 ( (h-h) + h V

+ - 2 2 - 1 M2
4k)[(H-h)+ -(XU-I I_ : -,1~

v -



"and

12 ~ • e2jk 2 (1t-h) + 2jk 2 h2v - j 2it

1=0 2k 2 [ (H-h) + h

1- 2C2v (,+1)

)kl -j 4 2+ + (n+m) 2  (D-15)
4k'2[<(H-h) + h 4 (C2v) -

Finally, replacing the asymptotic solutions of the integrals I1 and 12 in

Equation (D-4) leads to the asymptotic solution of the integral, Pn,. Thfat

is,

Pnm =- e2jk2[H-h+h(+1)v]- - j - (n+m)j

2 ~- I +• --- -wi"

2 k[Hh _ R 1-- • h( I) + (n+m)-~

[2k2 [ (H-h)+ 4kA[ (1-h) + h1+1+ ( 2v)2 -

v v
e 2jk 2 [li-h+liv]- - j . (n+m)j 2

1 =0 [2k2{ H-h+
[ +

-Z~ [11 2C2v(X+l) (n+m)2

4k2[(-h) 0 4- (+ 2 v) - 1_

for clp < P 2 c 2  (D-16)

In the optical limit as

2k2f[(H-h))

D-6



the following approximate e:<:preosion for the integral Pn, may be obtai nuý n i-
ter-.s of Hankel function-. That i•,

Pnm a). aJ. In+m(2k2[H-h+h(Z+1)v }1RZ)I=0

- Y bjIt,_{2k2[H-h) + hUv]}R£* (D-17)

whe re

= + h(Z+l )v

a•+l =h(t+1) t + (•I----.

anda

+ H- h( Z _
S+ (Hh~v

In order to simplify numerical calculations, the approximate solution of Pn..
givu, by Equation (D-17) may be written as 4

n2v - 1 n [2k 2 (Hh)IPnm U
S• 2 v + I :

a ........ n (k (D-S)S- 2 v + I r 2 v + I .

h- ?

, m ,



in which

st 2(H-h+hlv)

and

F1 + htv/(H-h)12

ay 1+ hX/(H-h)vj



APPENDIX E

SH-IWAVE SEISMIC PULSES PADIATED BY A LINE SOURCE
IN A TVO-LAYER HtALF-SPACE



APPIENDEX E

Sit-WIvO Seismic Pulses Radiated by a Line Source in a Two-Lave- '" l--

E. I The Incident Field ad I t s Reures tILatin

The tranmIent SH-wave displacemont for a line source located at t. sourc<
position (xs,vy) in the bedrock semi-infinite half-space satisfies the w~ve
equations:

u Pl •--i ; for 0 4 x ( h (K-i

and

P -6(x-xs)6(y-ys)6(t) ; for x > h (E-2•2vu -P2 t2 l

The transient solution for cylindrical wave motion may be developed using
the Cagniard-deHoop approach described in dei_,op (1960) and in Aki and Richards
(196C). This solution employs the Laplace transform of the SH-wave displace-
ment for a line source in an unbounded medium

-SIp(v-vs) + a(X-Xs)l

u(Xyx e dp} (E-3)u ysPYsYS) =2---c 1m{o -a

S= (J-6.- - p2) 1/2~ -

R = [(x-Xs) 2 + (y-ys) 2 ] 1 /2 ; and"

c = the shear wave velocity.

I

The branch cuts ±-, determined by Re a > 0 and the path p p(t) for different
values of t are shown in Figure E-1. The function p(t) is obtained by solving

the equation

t P(Y-Ys) + a(x-xs)



C,
Ira(p)

ORIGINAL PATH OF N
"---h-,TE GRATION FOR THE N

LAPLACE TRANSFORM

N

!x -x'l

p=O

/ -E 3/.X-•r H CUT

X- /
P . .. Rc- P= R-c"-

FIGURE E-1. BRANCH CUTS, THE INTEGRATION PATH FOR THE LAPLACE TRA:•,RM,
AND THE CAGNIARD PATH C IN THE COMPLEX p-PLANE

The Cagniard path C in the complex p-pla. e is obtained for which the
quantity p(y-ys) + a(x-xs) is real. The path begins at t = 0 on t - ive
real p-axis, turns on the branch of a hyperbola at t = R/c and continu,-s on a
path having an asymptote at an angle 0 = tan-l(y-ys)/Ix-xsl with respect to
the positive imaginary p-axis. Note that on the real p-axis the path C cannot
lie on the branch cuts. Figure E-1 also shows ijart of a large arc, C1 , in the
first quadrant connecting the imaginary p-axis and the path C. The angle e
may be identified as the angle of incidence of the ray from the source Lo a
d.tector.

There is no contribution from the integrand of Equation (E-3) along that

part of the path C between t = 0 and t = R/c, since p is purely real. Neither
is th're a constribution from the large arc C1 in the first quadrant. Since"there are no singularities between the path C and the positive imaginary

p--axis, Aki and Richards (1980) ,onclude that the Laplact, transform of the: St-wave displacement for a line -ource in an unbounded medium, in terms of The
Cagniard path C, is

1 e -S[P(Y-Ys) + cr(x-xs)]
=(xqy1N5,y5,S) ---- 2,- Imff-- dp . (E-4)

2npc C •

E-2



K.2Transient SH-t',ave Displaceme~nts in a Two-La'.er__Half-Spact,.

The integ-ra I reproscq,:rt iion of the wave dis;placement give n by Eqiat irn
(E-4) may be general izod for the SH-wave dispIaceneaIet in regiOns Of dif ft-ten!
elastic properties. Thus,

For the regiot. 0 (x < h:

U - - c +p~-Sj gj(p)e~ Sa Sp(yy 5S)

2pC 2  rtf; Lf(~ al1~ dp} ,5

For the region x > h:

U 2  2 - Im~fl + f)(p)e- S-Y 2 x ep Kb

whe, re

a nd

a I p /

c)

The fac tors, f I(p) 4g1(p) and f2(P) are arbitrary fyinctioins of p which reic
thu, i nto.ral s convergeat and satisfy the following bcunklirv cond i ti aus

At the surface:

At the layer int.orface:

z6u1  3u2
(41 Yx-)x~h (P2 3 -)x =h

a nd

Cul) xh=(u2), 1 , (E-7)

F.- 3



'Iht ,e d, mi ry cý nd it rOns 1r,.id to tirce 11iine ir i I ;ebr ýi ic F a i oný t ' ý0W't2

ror thle unk>ý,)n coof f ,c iont s f 1 (p) I (p -m od f 2 (p) The sohit ion of the

S I---ave di f c:>nC for the -,ir face lovier o:-d the coivi ty hoLst m~dl im is

For the i,,gion 0 4 x < h:

- 1 rr-SIP(Y--Ys) + mL2(xs-h)]

2n(S - c 272 fE1 (p) a

x [e-Sa I(X+h) + e- S2 (h)3p (K-S)P

For the region x > h:

Us)(S) 1 Im~f -Spyyp j(XX)
4TP

21t2C2 C '2

+ 1- M p2(P) e-SIP(Yy-v) +

21P 12 ~ C '12

where:

EI(p)_

I2p -R p) e 1 h (-

ý--2(P) - R(p)e-' lh

T(p) = ----+

- Icx +E- 1'')

R(p) "I- + i2(x 2

E-4



E.2.t Detector in the RBeýIreck.-

The fi rst integril of Equition (E-9) represents the incfi'eut SH1-w'%ve

displ1icement , u2() (S), for a line source in an unbounded mediun. ha,-ing an

SW-wave velocity, c2. Applying an inve-rsion technique developed by deWoop

(1960) and presented by Aki and Richards (1980), the integrand of the incid,.nt

SH-wave displacement, u2(i)(s), may be inverted in terms of the time variabl.

of integration, t, to yield

f ....... .. dt (E-12)
u- ,/c_ (t 22Rc 2 c2), 21/2

from which the delta-function response can be identified and is given by

I - H(t-ts) ; for > t(E-13)
2nP2c22 (t?2-t 2)1/2

where :

)2 + (y-ys) 2 ]1/2
R+ ;(- and

ts =Rscs -= arrival time at the detector location.

The,_ secod term of Fquation (E-9), u 2 refl(S), .ives the generalized reflection
r.;pY:. in the bedrock medium. The function E2(P) may be expresscd ,s a

series expansion of the denominator

N
RR - 14=

-Re ~pRZe2h=z E-4

to yield,

N N
£-2(P) = I Rle- 2 Saih(X+l) - I R"le-2SX h2; (E1-5)

1=0 =0 i

Where N is the total numbr of reflect ions within the surface layer. Subs t i -

tuting Equation (E-15) into the second t,,rm of Eqtrltinn (F-9), the generalized

ref 1ect ti)n is



2T-'2c2• Z=0 tý+! p=PZ +1 (t)

r efi i Rý(p) e-St dt

2nP 2Q2 X=0 qt2i p=p• (t)

In the time domain, the generalized reflection displacer,-,nt in the
dlelta-funCtion response can be identified directly from Equation (-• ••
is t~hereby

N N 2.•(p) d2
2 [- 22 Impf+(t)-

a 2 dm--• !c t- I( - ) ,( -
k=0 2 =a (t)

where pjt) and pie +It) are solutgions of the nfliio i plar e ns givn by

t = P(Y-Ys) + a2(x+xs-2Lh) + Zalh IM11

and

t = p (Y-Ys) + a2(x+xs-2h) + 1iIh (Z +1),i:-

respectively. The tine derivatives of the variable, P, associatio d with z<ua
tions (E-18) and (E-19) are given by

dpk Idrt (X+Xs-2h)P 2h( P -

IY-Ys( ) (

and

tiom .... ..nd..... ar given b

dp~ Z+__

dt (x+xs-2h)Pt+l 2h(i+l)Px+I

- 2(+1) I('+1)

E-6



2 1 1/2
112

p+ . .. ; for j 1,2
¢j2

The times of arrival associated with the first and the second ter!- of
Eqostion (E-17) are given by

X+Xs-2h 2h(I).+
= cos 2•+l) cos (Z+)

an,

X+xs-2h + 2h(.Z c o s - 2- ( a ) + l C o- - -)(E 2 3

C2 cOs 02COS

whVre the angles 91 and 02 are the angles of tht! ray trajectories in the sur-
fae layer and in the semi-infinite half-space, respectively. Each ter- of
Equation (E-17) represents a ray path that reaches the observation point after
I reflections in the surface layer. In fact, the multiples occurring within
the surFace layer are retained and, after 1 reflections, the SIH wave is trans-
mitted into the bedrock for:nation. The ray contribution associated with the
first term of Equation (E-17) is shwn in Figure E-2(a). The horizontal dis-
tance between source and detector can be inferred directly from the ray ge,)me--
try shown in Figure E-2(a) as

rt+I : (x+xs-2h) tan 02 + 2h(z+l) t&1 9 1 (Z+I) (E-24)

Sinilirly, the horizontal distance be tweeni the, source and detector for the
Second term of Equation (E-17) is given by

rx = (x+xs-2h) tan 0 2 (M) + 2h. tan 01 M (E-25)

The angles 0 1 (") and 0 2(t) may be obtained for an arbitrary point of
observation p(x,y) by solving the following systems of equations:

rZ = (x+xs-2h) tan 12Mt) + 2ht tan 31(z)

sin 0 2 (Z) sin 0 1 ) p) ((-9-)

C2 Cl

E-7



r

h

x -h DETECTOR

-s h 62 62
SOURCE,(x, y)

(xs, Ys)

x +s_2_hh. for 1=0to =
C2 COS 02

ro = (x -xs - 2h) tanG2
(a)

P1., Pi

0 hh

•(1) --- OR'2

(Xs, Ys) 2 2 xx, hf
(x, )x + x- - 2h 2h

t = for =
C2 COS C•0 1 COS eiN)

r, = (x x, - 2h) tan 6 1N 2h tan tt0l

p ~rN .

2..1
SOU LEl, Pixy

(Xs,ýL2 Ps2 X _hx 2 h

rNs Ys (x +x, 2h) a •)• 2hN tneN

(c)

FIGURE E-2. GEOMETRY OF SiH-WAVE RAY PATHS FROM A LINE SOURCE i0 A DLTFCF DR
IN THE BEO)ROCK LAYER SHOWING THE CONTRIBUTIONS AS',OCIATED WITH

TilH POIJER SERIES EXPANSION OF EQUATION (E-17)

E'-8



and

r+ (x-x 5-2h) tan a2)(1+1) + 2h( Z+ I) taln 9

sin )(z+) + sin 01(U+ I)

C2  C2

Thei-- equations may b,- expressed in terms of the ray-path parametcr, p, a-

(X+xs2hp 2h 2r.= + ---- *----(-)

/C2 - p- VC l2 z(

an12

(X+Xs-2h)p 2h(Z+l)

rZ+1 + (E-29)

/C2- 2 
- p2  

i 2 -p P

for 0 < p <

For a prescribed source-dttector po;ition, EpIations (F-2,) and (-29)
be soved numericall for the ray param,'ter p. In this way th,. pal rs of

a"'les of incidences (a ), and (O (z+ ), 12('92 )+ may be determi ned and
substjtut-,d in Equations (E-22) and (E-23) to obtain the, arrival tin",s, T ad
tZ+ 1 , for I = 0,1,2,... N.

E.2. I, N ruseIic::I AlJ o ri t tL to SoIv te E, uition p p_(t

Since no simple analytical relationships exist either to solve Equ-'i
tion (E-18) or (E-19), the solution of p = p(t) must be determined with the aidof a numerical technique. An iterative technique can be applied successfully

if the starting value is chosen judiciouqly (delloop, 1979). Starting values of
P = P may be obtained from the equation

Ply-ys[ + (1/C 2 -p 2 )/ 2H= t (E-30)

'here the unknown qplantities H and C are selected sukch that Equ. tion (E-30)
apProxinlat-,s that of Equarion (E-18) or (E-19). In particular, values C antd H

are chosen such thait Equ.atioi (E-30) asymptotically coinoldes with Equatioun

•- ,1



(E-1S) or (7-19), as + ÷ and at p = 0. For example, Equation (F-18) ray

he ,\;,r ,.'ed in torn:is of the parameter p as

p I y -y + (x+xs-2h)(- 2  _ p21/2 + h2l --1  - p 2 ) t

-h, for large val!.es of Ip , reduices to

p = t/[(y-ys) 2 + j(x+xs-2h+2h1)] 2-31)

In the sa:e manner, for large values of I P , Equation (E-30) re:,ices to

P t (y-ys) + jil] (- C)

Ci.- pa ring Equations (E-31) md (E-32), it follows that

H = X+xs + 2h(i-1)

The second conditions for Eq.ations (E-30) and (E-31) are

X+Xs-2h 2hi
p = Oat t - +c c2 Cl1

and

P 0 at t = H/C

from ,hich

1 (X+Xs-2h)'c2 + 2hi/ci
C x+xs+2h(X-l)

Solving Fquation (E-28), the starting value PZ to be used for pj in Equiation
(E-18) to begin the iteration process is, therefore

e jHj (Y-ys) 2 + Hjl2 1/2yys2+ t + - , 2 I ............. (E-33)

yy12+ 1-y 5'Z 2 12

for [(Y-Ys)2 + Ili2] /Cy < t <

K E-I0



who re:

Hi =x+xs+2h(ýZ-l) ; and

[/z (x+xs -2h h2(_
____-2 + 2 '/[X+s+2h(ý-1)]

C2 elI

Alternatively, the starting value Pj+i to be used for pZ+l to begin Ecuation
(E-19) in the iterative numerical procedure is

Y-Ys}- JH,+j (Y-Ys) 2 + H2+ 11/2

PziYY t + -_ 
(E-3-t2 -ys Z

I.. 2+ H2  12 + H2  t - C2(-3
S YYs YYs

for Ily-ys1 2 + Hý+121 2 /Cj+i < t < ;

whe re

Hj+ =x+xs+2h2 ; and

x+xs-2h 2h(i+l )
I /C+[ = _ 2 + ]/(X+Xs+2t)

For an initial value of t > tq, the starting parameter, P, is deter-
mined from Equation (E-31) and then substituted into Equation (E-18) such that
the following requirements for the CagnLard contours are satisfied. That is,

Re[p(y-ys) + (x+.xs-2h)( -. p2) +/2 h- -i p /2 t

C2 2i
lm[p(y-ys) + (x+X.s-2h)( p22 ) h

where P is complex and t is real.

For example, for an initial parameter p = Pl + jP2 and a given value
Of t greater than the arrival time, tq, the equations

fA = PIlY-Ysl + Retg,(p)] - t
(E-36)

fB = P2IY-YsI + Im[ga(p)]



in which

gg(p) = (x+xs-2h)( c- - 12I/2  + 2U( - 2 1/2

c)2 Cl

may be implemented in a numerical procedure for solving a system of nonlinoar
equations for the unknowns Pl and P2. Thus, for given values of t and start-
ing values of the complex variable, p, a Cagniard contour may be constructed
and used to evaluate Equation (E-17).

E.2.1.2 First Motion Approximation

In order to simplify the analysis, Equation (E-17) may be written
with only one summation as

S2 ref (t) = L Im[ dt d-] H(t-tO)
2iTn2c2 2  a12dt p=po(t)

N
lm[=R1 1  R) R1tH(t-t) ,(E-37)

a 2 dt Pp(t) tj E3

where po(t) and pZ(t) are solutions of the equations

t P(Y-Ys) + U2 (x+xs-2h) (E-38a)

and

t P(Y-Ys) + Q2 (x+xs-2h) + 2alhZ , (E-38b•

respectively. The time derivatives of the variable p associated with Eqla-
tions (E-38a) and (E-39b) are given by

d£=Ja2(Po)
dt

and

dt 2Y-Yhs - h +2 ÷ _i--

'2 Mi al~l)

E-12



Therefore, the first term of Equation (E-3,) may be expressed in closed form as

Real[R(p)] t
- Ht -t0 )

/t-t 02

where:

to [(x+x,-2h) 2 + ly-:,s 12] 1 / 2 /c

and

(Y-ys)t (X+Xs-2h) )2
Po(t) = (+j- -(

(y-ys)2 + (x+xs-2h) 2  yys)2 + (X+Xs-2h)2

Thiis, a more appropriate form for the total SH-wave displacement for the delta-
function displacement response is

u 2 (t) H(t-ts) Real(R(po)]
u2t)= - -- - - -- -- - ------ H(t-t0 )

21tp2c 2
2  2 2't 2-t--s V t2 -tol•

N
IM ~ m(R -1 R) -- H(t-tj) (E3

L a~ dt
P ==1 p % t ) ( E - 3 9 )

To reduce numerical computations, the first motion approximation for
the reflections may be applied to the summation tern, of Equ.tion (E-39). In
the first-motion approximation, only val ies of p near pt influence the behavior
of the SH-wave displacement (Helmberger, 1968). In Equation (E-39) the only
function that is not slowly varying near pý is the time derivative dp/dt. This
numerical technique requires the time, t, to be expanded in a power series
about the time of arrival, tq, as

t + dt 1 + 2 2 + (E-40)
p=pj P=P"

and since (a-p =Pl

I d2t •o
t-t ( 2 ) ( )- (E-41)2 d 2 P =P z 

i
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Solving Equation (E-41) for p and taking the time derivative yields

dt- -1/2 ý 2 t 1/2

( P) -( t - t j) 1( 2 -2 )

The second time derivative of p(at p=pZ) is obtained from Equation (E-ind) and
is given by

ý2t = [h---J22 + j ) .( - 3

p=pk a2 c 2  '1 3c

Substituting Equation (E-42) into Equation (E-39) yields the first-i.rution

u:pruximation for reflections in the surface layer. The total SH-t'ave
displacement for the delta-function response at the detector location i1,
therefore

1 H(t-ts) Real[R(po)]
u2 (t) 2- H(t-tt)

N R- 1 1
+ [(R-i R) RZ 1 !
k=1 P p jp (2V (t-tk)

where:

X+Xs-2h 2hU
222 c2 2+a3C2

and

sin 92M
p', = - - _

e2

The first term of Equation (E-!44) corresponds to the direct SH-wave pulse hav-
ing an arrival time, ts, while the second term represents the S11-wave pulse
reflected in the bedrock-surface layer interface having an arrival time, to.
The summation term is associated with multiple reflections of Stt-wave pulses
in the bedrock and in the surface layer having arrival times, tZ (for i = 1,2,
3,... N).

For a transient S11-wave pulse acting along the z-axis parallel to the
cylindrical cavity and consisting of a body force, f(t), the transient SH-wave
displacement is obtained by convolution; that is,

f E-14



and its ttme, derivative' is

du( (t ) TP2 22d

whe r e:t22 j{j(t * ()(y (4

H{(t-t4) Real[R(p,)I
T2___(-------- H(t-t,)

/t2 -ts
2  tt2

+ I f(R 1 
-R) a I __ (E-47)

in which:

x+xs72h h

and

E.2 2 Detector in the Surface Laver

The SH-wave displacement for the line sourc:e in the bedrock layer and
the detector in the surface layer as given by EqU-Ition (E-9) may be cxpre';sod
in termb of two integrals

N fT(p\Rf'p

u= 1 Imf rA dp
2n 2tpC22 X= C a

Sp (y-ys) + atlrx+h(2X+l) + a2(xs-h))

I if T(2)R(p)l

2,P 2 c 
2 2 Z=d

xeS{(py-ys) + xl[-x+h(2R+I) + a 2(x,-h)} (E-48)



From these exprcss ioins the S1{--,;a diJ sp Iaicemcnt at the s- rf Ice (x 0) IS

N

T=p1 2 -SIf T(-)R(•-) t eSrp(vY-Y) + aMh(2Z+1) + 'L2(xs-h) .P (E-L9)Ul = - Im- a
2nP2c2• 2 x=0 C 2

and the generalized reflection displacement is given by

N
Ul S L.1... 2 . IMf'= _ ... ..p)R d ] eSt dt (E 50 N

2tP 2 c 22  1 tj "L2 d t P=P

In the time domiin, the gtneralizod reflections for the delta-frinc ion

displaceenint response can be identified directly from Equation (F-50)

uj t . ... 2 2 'M ý ) T p R H(t-t') ,E 5
2 1P2c22 1=0 "2 p pjt t

where p'j(t) is a solution of the nonlinear equation given by

t = P(Y-Ys) + a2(xs-h) + alh(2t+l) (-52

The time derivative of the variable, p, associated with Equation (E-52) Is

dP 1
dt jy-Ysj -fx--h + h(2(-53

in which

(--I p 2)1 ; for j = 1, 2

The equation to compute the times of arrival of the reflections for a
detector at the surface is given by

xs -hh(2£Z+1
tj + (E-54)c2 COS 02(-Z) + l Cos0 -

E-16
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r

where the angles 9L and 0) are the angles of the ray tra- ti s in the •ur-
face layer and in the sem[i-infinite half-sp ice , re.apecý ively. The riy col-
but ion as soc iated with Equ t ion (E-54 ) is shown in Figure E-3. The h(o r "z)t

distance between source and detector can be infer red direc.t l fru'A t,, r.iv
geometry shown in Figure E--3 as

rj = (x,-h) tan 9-M) + h(2.Z+l) tan ý1(z)

The angles 01(Z) and 9 2 () may be obtain-., for an arbitrary point of obs,,r+-
tion p(x,y) by solving the following syst., i of equ;itions:

r% = (x,-h) tan 92(Z) + h(2t+1) tan o1(Z) (7-5 )

sin 92M• sin 01(Mt

-_- -- p
c2 Cl

These equations may be expressed in terms of the ray-path par.me.tr, p,
as a nonlinear equation given by

r (--h- + (-h(25+) 6-5)

- p- ,icj -- p

fnr 0 < p < l1/c

For a prescribed source-detector position, EquiW on (E-56) must be
Solved numericall for the ray parameter, i. In this s:. the pair of angles
of incidence () 2 may be determined and subtituted in Equation
(E-54) to obtain the arrival times, tj, for Z 0,1,2,... N.

Implementing the first-motion approximation in Equition (E-51), the
SH-wave displicement , ul(t), becomes

_ N 2 R (p j)T(p ) I (E-57)

211 2C22 1=i /(2S2)

Whe re:

S•.= ( h)_+ h(2i+1 )I

a 3 C2 a 3 C12
2 3c2 j -1Cl7

E-1 7 1'
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h

-- h2

SORErCý(xs h)tanHo-3htantI. fore 0

ýLl,~ PP60

2 , 
0

r, - (x, - h) tan e"" - h(2N 1) ltan 6 ~ for N

FIGURE E-3. GEOMETRY OF S11-WAVE RAY PATHS FROM A LINE SOURCE IN THE BEDROCK
LAYER TO A I)ETEcrOR AT THE SURFACE SHOWING THE CONTRIBUTIONS ASSOCIATED

WITH TrHE POWER SERIES EXPANSION OF EQUATION (E-51)
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anI.

sin 02(Z
PZ -- c)

For a transient SH-wave pulse acting along the z-axis parallel to the

cylindrical cavity and consisting of a body force, f(t), the transient Sit-wave
displacement is obtained by convolution; that is,

ul(t) 2 c2 (f(t) * T (i)(t)) (E-58)

and its time derivative is

du1 (t) I d
S_ -- f(t) * Tt(i)(t)) (E-59)dt 2nP~c2- dt

whe r[•

N
T(i) = I ____Re ..... (E-60)

p(
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APPENDIX F

Asymptotic Soluttion of the Integral _

Making the substitution k k- sin 0 in the integral Qnm given by
Equation (I11a) leads to

Qnm (-j )nm + f _i(O)eJk2( 2 R-h-x) cos 0-jO(n+m) do

x [ejk 2a(O)(x+h) + ejk2a(9)(h-x)] (F-I)

where the integration path r is shown in Figure (D-1) and E:(0) is given by

Ti(O) = T(O) (F-2)I - R(O)e j2k2ha (0)

in whi'h

- s,R2a(O) + cos 0

T(9) = 2 cos 0
T 2,(- (0)- + cos 0

,(0) = (v 2 
- sin2 9) 1 / 2

and

v = kl/k 2

As was done in Appendix D, the asymptotic solution of the integral Qnm may be
derived using the saddle-point method. To obtain an appropriate form of the

integral given in Equation (F-I) and to remove the singularities, the inte-
grand, E-1(9), may be expanded in the power series

e1(0) = T(O) ý RI(O)e2jk2bal (F-3)
1=O

F-I



2 i 20)1/2
, *(9) = (v 2 

-i

Equation (F-1) may be express as

(F
qnm= Qnm + qnm)

4here:

+ 1-J-nm TJkh(2 -h-x)rg+(O) + cos 0
Q (-j)n~m -~ f T(G)R(O)Ze jk) 21 de 7-1n=0 n

and

QI = (_j)n+m I f T(O)R(O )j~ek2(2I1-h-x)[g(0) + cos dej(n+m) F-6)
z=0 F

in which

g+(9) a(x+h+2Uh)
2H-h-x

and

-O a(h-x+2Zh)
g-(0) - 2H-h-x

For a detector locatpd at the surface (x = 0)

g(a) g+(O) = g-(O) =(1+2.)h ; x (F-7;
2 H-x

and the integral Qnm is reduced to

Qnm = (_))n+m 2X f T(G)RyeJk2( 2H-h)[g(O) + cos OjdOejO(n+m) . (E-8)
0 i£=0 P

To solve the integral Qnm using the s.iddle point method, the following inte-
gral is considered.

F-2



T (0~ )R1 )ik -h(( + cos + j-3(nýýi) (c-9

which has the gener-l form given by

Ii = F(0 ),T )d9 (F-)

whe re:

T = k2(211-h)

f(e) = j(g() cos e) j(cos e + ejZ)

F(9) = T(@)Rk(9)ejG(n+m)

and

(2e + l)h
2 2H-h

The saddle point, Go, is determined from

- (cos 0 + ev(e)) = 0

which gives

0 = nn; for n = Ot ,±2,

Since the saddle point must be within the interval -R/2 < o< ,/2, then o
hast be equal to zero. Equation (F-10), as solved by the saddle-point method,has the form

= nf(O°) 2F Ti f'.. F'F(0 )e + ___f_ F
-) 4f '' 2() f-'' - (••"f) F

I i 5 ( . . 2 F''] + . . } .( - t
+ 4 f"l 12 (f'')2 F



The functions F and f and their derivatives are evaluated at = 0. T0. ;e
functions are given by

2 ((2) 2F ( O)A2 + 1 + 1

(F'') = { 2C2  _ _ C(v - 1/v) (n+m)2}

(1 - C2 v)(1 + C 2 v) I + r2v

f(O) j(I + ezv)
( -12)

f''(O) = -j(1 + eiv)

a ad

1 + 4 ez(1 _ 3/4v
2 )fgr =- - --

f 0=0 I + et/v

Thus, the asymptotic solution of the integral IX is

2IT jk 2 (2H-h) + jk 2 (2Z+l)hv - jIx ToRobZ Y/ eg( -ih • -,.-• + --- -4

T0R~,~ /k-)(211h) + k2(2t+l)hve

x I + 2 + Tj2 (F-, 3
2k 2 (2H1-h) + 2k 2 - J

re

To 22
To = 2 v + I

Ro 2 v- 1R 2v + 1

1+ (2_+l)vh/(211-h)

S (2+ +1) -/(211-h)
V

F-4



fly

6o=0

and

rFt

T2 r ii--) •

Finally, replacing the asymptotic solution of the integral IZ in Equation
(F-6) leads to the asymptotic solution of the integral, Qnm, at x = That is,

Qn 2N I x 2 -% j{k 2 [(2H-h) + (21+l)hv] 7 -n+m)f

1 = n k 2 (2H-h) + k 2 (2M+1)hv 4
.z=0

F, + L4J T1 +r 23 (F-14)
L 2{k 2 ý 2H-h+(2.+Z-Ih--(

In the high-frequency limit as 2k 2 (211-h) , the approximate solut[iton for the
funC t ion Qnu1 may be obt i ned

NQnm 2 • b ToR!Hn+m k)!(21i-h) + (1+2Z)hv]} (F15)
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APPENDIX G

tSnthetic Sei.mcra S o I _I-W'ave Reflect iorns f rom a Cylindrical Ca vity

in a Two-Layer LosL Hal f -Spa ace

The synthetic seismograms presented in this appendix highlight the impor

tant case in which the medium is represented as a two-layer medium containing a

cylindrical cavity target in the lower (bedrock) medium. The surface layer
represents the weathered layer and is typified in the model as a relatively low
velocity unconsolidated soil. The constitutive parameters of SH-wave velocities
and the mass densities of each layer are maintained essentially the same in all
of the computed cases, whereas the 2-meter diameter cavity depth, the surface

layer thickness, and the absorptive characteristics (Q factor) of each layer are
the variables. For convenient reference, the various parameters associated with

each synthetic seismogram are tabulated in Table G-I.

TABLE G-I

LIST OF PARAMETERS USED IN LOSSY TWO-LAYER MODEL COMPUTATIONS

F-ig-ureCylindrical Surface Surface Seismic Surface Reflections in

No. Cavity Layer Layer Detector Layer Surface Lave r
Depth Thickness Q Factor Location SH Velocity Direct Cavity

(W) (i) } (m/s) Wave Reflect'onl

C-I 50 5 50 Bedrock 200 0 1
G-2 50 1.0 50 Bed rock 200 0 1
G-3 50 5 10 Bedrock 200 0 1
G-4 50 10 10 Bed roc" 20A 0 1

G-5 100 5 50 Bed rO(cK 200 0 1
G-6 100 10 50 Bedrock 200 0 1
G-7 100 5 10 Bedrock 200 0 1

G-8 100 10 10 Bedrock 200 0 1

G-9 50 5 50 Surface 200 0 1
G-CO 50 10 50 Surface 200 0 1

GC11 50 5 10 Surface 200 0 1
GC12 50 10 10 Surface 200 0 1

G-13 100 5 50 Surface 200 0 1
G-14 100 10 50 Surface 200 0 1

G-15 100 5 10 Surface 200 0 1
G-16 100 10 10 Surface 200 0 1

G-17 50 5 50 Bedrock 500 0 1

C-18 50 5 50 Bedrock 500 1 2
0-19 50 5 50 Bedrock 500 2 3
G-20 50 5 50 Bed rock 500 3



TABLE G-1 (Cont'd)

Figure Cylindrical Surface -TSrface Seismic Surface Reflections in

No. Cavity Layer Layer Detector Layer Surface Lajer

Depth Thickness Q Factor Location SH Velocity IDirect Caity
(m) (m) (m/s) Wave Reflectionn

G-21 50 5 50 Surface 500 0 1

G-22 50 5 50 Surface 500 1 2

G-23 50 5 50 Surface 500 2 3

G-24 50 5 50 Surface 500 3 i 4

Invariant Parameters:

Surface Layer Mass Density pl 1,500 kg/m3

Bedrock Q Factor = 100
Bedrock SH-Wave Velocity = 2,500 m/s

Bedrock Mass Density = P2 2,700 kg/rm3

Source Located in Bedrock
Detector Separation Distance = 2 m

Cylindrical Cavity Diameter 2 m

G-2
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APPIZDIX H

Cojte: r PrO•* ra'q

H. I Plane Wdave Scatterin.,

The programs in this Section H.I model the scattering of plane SH wave;

from a cylindrica] cavity in a ho.mogeneous lossless whole-space as a funr ton
of frequency. All conputational programs are written in FORTRAN 77 1anguage.
Tne graphics progri:as of Section H. 3 are writt-•n in C language.

H.tI [Enerý,v Scattering Cross-Section Program

C
C Prugram : csect
C
C A.:thor J.C. Biard

C

C Discutssion The program csect calculates the total energy-scattering
C cross-section as expressed by Equation (37) in Volume I as a function
C of frequency for a cylindrical cavity of radius, a, illuminated by a
C plane SH w-.ve in a homogeneous whole space. The cros•-section is
C reported as a function of wavenumber multiplied by the tunnl radius.
C The summation of thN, contributions made by the different scattering

C modes is computed to an accuracy of 0.01 percent of the valu!e.
C

C Invocation : The program is invoked by typing
C
C csect > ofile
C
C where ofile is the output filename.
C
C Formal Argulents nonu

C
C Proceduires callted from this mod<!e
C
C jn Bessel fun,'tion of the first kind. (HP-UX utility.)
C yn Besss'I funct ,on of the second kind. (HP-UX utility.

C

C Extýrnal Variables: none

SALI

$ALIAS jn = 'jn' (..val, %val)

AS yn = 'yn' (%va, %vval)

prog ram cs,,,c

Sit ~nom.

nt,,.,r-*4 st lin, stdout, stderrI ----- ---- - -- -



I

ntteger*4 j, k, I, m, n

real*8 sect, ka, x, 3cc
complX*16 aj, i

real*8 jn, yn, re, im

data stdin, stdout, ;tderr / 5, 6, 6/

C
C Define statement functions for the real and imaginary parts of the :>ide
C contribution terms.
C

re(n, x) = n * jn(n, x) - x * jn((n+1), x)
im(n, x) = n * yn(n, x) - x * yn((n+l), x)

i cnplx(0., 1.)

C
C Explicitly write the zero firt-quency cross -section e, tie.

C
sect 0.
ka = 0.
n 0
acc = 0.
write(stdout, 2000) ka, sect, n, acc

C
C For ka = .05 to 2. by .05, calculate the cross-qection.
C

do k = 1 , 40
=0

ka = k * .05
C
C Get the mode -,:-ntribotion term for j = 0.
C

aj = -dcmplx(re(j, ka)) / dcmplx(re(j, ka), im(j, ka))

ro ect = renl(aj * conjg(aj))

SC Loop ver j to sum the contributions.
C

do j = 1, 50
C

C Get the jth contribution to the cross-section.
C

aj = dn:iplx(re(j, ka)) / dcmplx(re(j, ka), im(j, ka))
x = 2. * real(aj * conjg(aj))

C
C Calculate the accuracy test value and add the new term to the
C sQm for the cr-,ess-section.
C

-cc 11)9 (x / sect)
sect C :L + X

n

11-2



C

C if the su i s it leat 15 tera; and the accur-icy is in limits, then

C stop tile su"11.
C

if (j .ge. 15 .and. scc .le. .0001) go to 10

end do
10 continue

C
C Multiply the cross-section sum by constant tetris.

C
iect = sect * 2. / ka

C

C if the accuricy is out of limits then write an error messig-

C
if (aLc .gt. .0001) then

write(stderr, 2001)

end if
C

C Write the results to the standard output.

C
write(stdout, 2000) ka, sect, n, acc

end do
C

C For ka = 2.1 to 10. by .1, calculate the cross-section.
C

do k = 0, 80
j =0

ka 2. + k * .I
C

C Get the mode contribution term for j 0.

C

aj = -dcnplx(re(j, ka)) / dcmpl<(re(j, k:i), im(j, kai))

sect real(aj * conjg(aj))
C

C Loop over j to sun the contributions.
C

do j 1, 50

C Get the jth contribition to the cross-section.
C

aj = dcmplx(re(j, ka)) / dcmplx(re(j, ka), im(j, ka))

x = 2. * reul(aj * conjg(aj))
C

C CalcUlate the accuracy test value and add the new term to the

C sum for the cross-section.

ace = abs(x / sect)

sect = Sect + x

C n =

C If the sum ha; at least 15 termun and the accur hcy is in limits, theni

C
C stop the sum.



if (j .oe. 15 .and. ace .le. .0001) go to 20
end do

20 continue
C
C Multiply the cross-section sum by constant terms.
C

sect = sect * 2. / ka
C
C If the accuracy is out of limits then write an error message.
C

if (ace .gt. .0001) then
write(stderr, 2001)

end if
C
C Write the results to the standard output.
C

write(stdout, 2000) ka, sect, n, acc
end do

stiop

2000 format("ka, s,-ct, n, acc
1 g20.10, ", ", g20.10,", ", i20,", ", g20.10)

2001 format("4+4 ++++4++++ Not in accuracy limits +.++++-+i..")

end

H. 1.2 Dtpacu.mnt A-.litutde Prog rams

H.1.2.1 di~pa

C
C Program dispa
C
C Author J.C. Bi.m.rd
C
C Discu-qion This prog ram cal,'u1ates the tota, dii plac-i.evnt field as
C exp ressed by ýu.at ion (26) in VWiune I at the -:rface of a -vliirdric,;,
C cavity of radi .s a for an incident pl nme SII-..ave of ;mit 3:nplit ;de -tLh
C wave number k.
C The rerilts are given as the relative amplitude and pha-.e at 45, 90, and
C 135 d•gres for values of k betvwen 0. and 10.
C
C
C [nv,., ation : The ro-gram is invoked by typing
C
C dispa ) ofile
C
C w1tre 1 fi Ie is the mlIt put fiIename.
C
C Formal Argiim-.nts zione

11-4
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C Proced!ures cal led f roivl this mu1

C plane__scat ter SubIroUor ine that cal cal ate-, the d i s jr
C aTmp i itudl

C External Variables :none
C

prograo. dispa

implicit none

integcr*4 stdin, stdout-, stderr

integer*4 k, n
reail*8 amp, phase, phi, phiO, phiend, ka, 'Kr, acc, pi
real*3 oldphs- offset, phasemn., accl, krc
coiiplex*16 dsp
charact-.r*l if

dat.a std~n, stdout, stderr / 5, 6, 6/
dati pi /3. 14159-1653589i//
data aec .0DO01/

ff =char(12)
C
C Set the angle limits anfd step.
C

phi0 = 5. *pi / 180.
phirend = 3. *phif0

p a ; ý, x = 7. * p i / 4.

C Loor ovtr thle ~ fineres;t

do phi = phi), phiond, phiC
write(stdout, 2000) fif, phi
offset = 0.

cOldph'l-o - 0.

C C3lcUIlat. Val-i-S for 0. "=ka <= 2., steppinge by *5

do ka = 0., 2.01, .05

c ~kr = ka

C Get scattoý!red field val~ip.
c

ccall planescterc, ka, kr, phi, n, acidsp)
C Add inc ident field term.
c

kr,- = k r *cos (ph i

dsp = ds;p + dcinplx(cos(krc), siln(krc-))



c
c Find amplitude and phase.
C

amp ahs(dsp)
phase = dartan2(dfmag(dsp), dble(dsp))

C
C If phase has wrapped around the 180 or 360 deg. point, unwrap it.
C

if (abs(oldphase - phase) .gt. phasemax) then
offset = offset - sign(2.*pi, phase)

end if
oldphase phase
phase = phase - offset - krc

C
C Write out results.
"C

write(stdout, 2001) n, ka, imp, -has;e, acc1

end do

C Calculate values for 2.1 <= ka 10., stepping byI .1.
C

do ka - 2.1, 10.01, .1
kr = ka

C
C Get scattered field value.
C

call p' inscat t er(ýicc, ka, kr, phi, n, acc], ,sp)
C

C Add incident fiold t,.rm.
C

rcr C kr * co s(phi)
dsp = dsp + dc1mplx(cos(krc), sn(krc))

C

C Find amplitude and phase.
C

amp = ab-(dsp)
phase datan2(di.g(dsp), dble(dsp))

C

C If phase has wrapped around the 180 or 360 deg. point, unwrap it.
C

if (:ths( 1phase - ase) .gt. phasr.x) then
offset = offset - sign(2.*pi, phase)

end if
oldphase = phase
phase -- phase + offset - krc

C

C Write ,nut r,',ilts.
C

wri te(sr,,ut, 2fiO1 ) n, ka, amp, phase, acc1
enld do

1,11d do

?s op

"11-6



2000 fori _t (:I' I, "'S II A:Ti,' i tild and! Phi at- r a, ", ph i J ,~?0

I /t? ''n" t 15 'ki', t 3 5 'arlp'', r4, ''pla", t 76A "a ýcc'
200 1 fo r.lati, '',g.I, ',g.1,' ,201,', ?I)

H. 1?22 d~sL

C P ro r am d isnýb

C Au tho r J.C. Biard

C Discu-,sior, This progr im Calculi tes the total di spi et il for ti>,
C scatterin~g of a pianoe Sit-wave from a cv~i idrical cavI ltv o iUsa

C at a wave number of ka.
C The field is deter nined at a varle',v o" dist inc-; ::) ý1
C anJ at angles, to) the inc ident wave propaiit i )n vkec :, r )t 4~,9,v

C de re-; . -he wave nu::ibe.r alIso t ilke s o-n yams of .5,1 . ir-a 2.

C In.'oc -t ion :The p r )g rEi s i nvok -d byv ty p in

C diz;pb ) ofil

C whe re of i le is thle outp~iL filc-iý

C Fo r-I 1 rgn. nont

C cr dur l 1a d front- tht md!
C
C pl I s* i. tr Slh lnt[n til1 cal cil I~~h is- r-
C a ii
C
C I..~. ~i r i'll, -I non"
C

imp I i C i t no n

iflteger*4 std i , stdo'itt std rrc

i n t eg cr* k , n, nka
real*8 amp, phi , phifl, phiond, ka, kr , accn, pi
reaI*1 roai, a c c, k r:, ka( q)
C 0 111 '1'; (Ip
c liar~w to r 1 ftf



!,ita F std i , oudt td ~td-i r /5, 6, 6/
pdCd1/ý k3S1/5>)3,5, 1./ 2./

dait a acc /.0001/

ftf cha r(12)

C Set the angle limits and step.

c
phiO 45. * pi / 180.
phiond = 3. * phiO

C
C Loop over the angles.
C

do phi =phiG, phiend, phi0
c
C Loop over the ka viliws.
c

do k 1,nka
ka 'K= ;k

write(stdout, 2C00) ka, phi
C
C Loop over 1. (= r/a <= ]0., stupping by .5.
C

do roa 1. , 10. , .5
kr roa * ka

C
C C'Iet scattered field .,altie.

call pn ctracka, kr, phi, n, 3arci, dsp)

C Adld i:Iidt !t field torrr.

krc = Kr * cos(phi)
d,ýp =d,;p + dcmplx(cos(krc), sin(krc))

C
C Find implilude.

C \4rizt- out r,-rilts.

write(t-,tdot , (fI)n, roa, ki , mAcci
end do

C
C Lýýop )ver I I. <= r/a <= 50. ,stfoppi ng by I.
C

do0 I-oil II. , 50. , I.
kr roa *kal

C (,(t ;c;0 ~ered field value.-

Call plane scat ter (acc, ka , kr , phi, n, accl, dsp)



<c~

C
C Add incid-nt field terin.
C

krc = kr * c-,(phi)
dsp = dsp + dcmplx(cos/krc), sin(krc))

C
C Find amplitude.
C

amp = abs(dsp)
C
C Write out resilts.
C

write(stdout, 2)01) n, roa, kr, amp, accI
end do

end do
end do

stop

2000 format(al, "Displacement Amplitude, ka '', g 2 0 .10, "phi = ', g2 0 . i.)
I // t2, "n".. t15, "r a'' t3 5, "kr", t54 , "amp'', tl7", 'acC /)

2001 format(i4, '" , g 2
0.10, " ", g20.10 , " , g20. 10," ", g 2 0

. 10)

end

H. I. 2.3 d is pcd

C
C Program : diýpcd
C
C Author J.C. Biar!
C
C Discu-; .on This program calcitlates the ampl i tud of the dispiaem,'t
C field as expressed by Equation (26) in Vol!:mc:, I au; a function of anril-
C for the scattering of a plane S1i-wave fron a cylii u!rical caIvity of
C radius a.
C The values are determined for a nuLmber of cases of radial
C distance from the cvlinder center and for a numb,- of values of the
C wave number.
C An option is provided in the code where it is possible to comment
C out a section and obtain the scattered field only.
C
C Invocation : The program is invoked by typing
C
C dispcd > ofile

C where ofile is the output filename.
C
C Formal Arguments : non,
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C proce-dure s c Iled f rom-) this in-dulIe

C

C plane scart ter Subrout ine that calculate the

C displacui',ýnt ritod

C
C External Variables none
C

program dispcd

implicit none

integLcr*!4 stdin, stdout, stderr

integer*4  k, m, n, nka, nra

real*8 amp, phi, phiO, ka, kr, arc, pi, 3ccI

real*8 roa, ra(10), krc, kas(I0)

comp It-* 16 dsp

charartcL:*i if

data stdin, stdout, stderr / 5, 6, 6/
data pi / 3. 1415926535897/
data n'ka , k as 3 3, .5, I. , 2.!

data nra, ra I7, 1., 2., 5., 10., 20., 50., 100./

data acc / .0001/

ff =char(12)
"phi 0 = Pi / 180.

C
C Loop over the r.'a.
C

do k =1I, nra
roa c a(k)

C
C Find the ka and 'Kr vailues.

C
do m = ,nka

ka kas(m).
kr ra * ka

%st i te(s dout , '000) ff, ka , roa

C

C Louop ove r the -ingIe s.

do phi =0. , pi , phi0

C
C Get scatter'-d field value.
C

callI pl une~s it~er~ac , 'va, kr, phi, n,1-7 1 dsp)

C
C Add ii-iido nt field t ,rm.

C T r I the following two I ine's are comm, w ed the sc Utered fiel, only

C will1 bo dt-ci bod.

C

4,-1



krc = kr * cos(phi)
dsp dsp + dcmplx(coq(krc), sin(krc))

C
C Find amplitude
C

amp = abs(dsp)
C
C Write out results.
C

write(stdout, 2001) n, phi, amp, accl
end do

end do
end do

stop

2000 foruat(al ,"Displaceczi-nt, ka ", g 2 0 . 10, "r/i ", g2o. 10
I // t2, "n", t15, "phi", t35, "amp", t5 4 , "acc"' )

2001 format(i4, . ", g20. 10, g 20. 10," "', g 2 0. 10)

en d

H. .2.4

C
C Program dispe

C
C Author J.C. Bijrd

C
C Discuss:ion This prograu calcul ites the amplitud', of the displacenc.t
C field as expr- ,sed by Equat ion (2n ) in Vot mo, I from a plat. SU-".v... of
C unit amplitude incidenit on a cylindrical cavity of radius, a, and 3t a-
C wave number of k.
C The values are dot,!ermined along the x-axia at intervals of dxl for a
C cylinder located at x=O. Ind y = -h, and for an incident wave wlhosp
C prop >,gtion vector maIos an an., -th,ti with nh negative y-axit.
C The propagtion vector- ms ,• n ani;I, of th, t i with the y-axis.
C In this example, tho propag.it itn v,,,ctor is paral i l to a line from
C (-dx, 0.) to (0., -h).
C The point (-dx, 0.) is the shot point for seismic exploration work.
C The program also contains an option to set the angle theta
C independently of the position dx.
C

C Invocation : The prgam is invoked by typingC

C dispe > ofile

C
C where o iI,, is the output Fil n,C
C Formal Ar'umn. its : non,
C



C -?roc edu res c a Iletd f r "n i o I ec
C
C pline sc:atter S)) br(-I t ne that cal cu I :tes the
C d splacsint:nt amplituIde.
C
C External Variables none
c

program dispe

implicit none

integer*4 stdin, stdout, stderr

integer*4 k, m, n, nh, uika
real*8 amp, phase, phi , ka, kr, acc, pi , hoa(I0), accl , kr-c
re;31*8 oldphase , of fse t, phase rX , XlI, h , a , dXl 1 h1 ta , fix

iFreal1*8 kas (10)
cuinplex*16 dsp
char~acter*1 ff

data .stdin, qtdout, stderr 75, 6, 6/
data pi / 3.14159206535897/
data nka, kas /3, .5, 1., 2. , 7*0.!

C data nh, hoa /5, 2. , 5. , 10. , 20., 5,0., 5*0.'
data nh, hoa /5, 20. , 40. , 60. , SO., 100., 5*0.!

C data nh, hoa /5, 5. , 10. , 15., 20., 25., 5*0./
dla ta a, dxl , dx /I 1., .5, 54.1/
data ccc /' .0001/

ff =char(12)

C
C Stot the va-lue of theta. (Not in us"e now.)
C
C theta =pi / 2. (For parallel to gr-Aurd case.)
C theta =pi (For hole-to-hole cas.e.)
C
C Loop over the depths.
C

do k I1, nh
h -ir (k) * a

C
C Find the ''source point" angle theta-.
C 'nu oult this 1ine when uti ýng a prec,ýt Lhot a v~ili~e
C

thota dat.1n2(dx , h)

-' C nop ove-,r the valies of ka.

du o 1I, nka
ka kisCm)
W1i ite(stdmit ,2000) ff, ka, h
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C
C Loop over the points on the d, tector line.
C

do xl = -50., 50., dxl
C
C Calculate the kr and phi values.
C

kr = ka * sqrt(h**2 + xl**2) / a
phi = data12(h, xl) + pi / 2. - theta

C
C Get scatterc.5 field vAlue.
C

call plane scatter(acc, ka, kr, phi, n, accl, dsp)
C
C Add incident field term.
C

krc = kr * cos(phi)

dsp = dsp + dcmplx(cos(krc), sin(krc))
C

C Find amplitude and phase.
C

amp = abs(dsp)
C phase = datan2(dimag(dsp), dble(dsp))
C
C If phase has wrapped around the 180 or 360 deg. point, unwrap it.
C

C if (abs(oldphase - phase) .gt. phasemax) then
C offset offset - sign( 2.*pi, phase)
C end if
C oldphase = phase
C phase = phase + offset - ka * cos(phi)
C

C Write out result-;.

C

write(stdout, 2001) n, xl, amp, acci

end do
end do

end do

Stop

2000 fori:iat(al, "Displ- icement, ka = , g 2 0.10, "h , g20.10

1 // t4, "n", t1S, "xl", t35, "amp", t54, "acc"I)
2001 format(i4, " ", g20.10, ", g20.10," ", g20.10)

end
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H. 1.2.5 j)lanescatter Subroutine

C

C Procedure name plane scatter
C

C Author J.C. Biard
C
C Discussion : This subroutine calculates the scattered displacement
C field as expressed by Equation (25) in Volume I for a unit amplitude
C plane Si--wave incident on a cylindrical cavity buried in a
C whole-space.

C
C The input arguments ar,,:
C
C acc The fractional accuracy level used in the convergence tost.
C a The wave number multiplied by the cylinder radius.
C kr The wave number multiplied by the obs-rvation puint ,adial
C distance from -he center of the cylinder.
C phi The angular position of the observation point relative to
C the plane wave propagation vector.
C
C The output arguments are:
C
C n The number of terms used in the summation. If convergunce
C is not reached in 50 terms, n is negative.
C accl The fractional accuracy at convergence (minimum 15 terms)
C or the fractional accuracy at the end of 50 terms.
C dsp The complex displacement field at the point (r, phi).
C
C External Variables : none
C

C Procedures called from this module
C
C jn Bessel function of the first kind. (HP-UX utility.)
C yn Bessel function uf the second kind. (HP-UX utility.)

$ ALI
$ALIAS jn = 'jn' (%val, %val)

AS yn = 'yn' ('"val, ýival)

s,!brouti _ne plane scat ter(ac , ka , kr, phi, n, acc], dsp)

hi iplicit none

i•iteger* 4 n
real*8 acc, ka, kr, accl, phi
cumplex*16 dsp

integer* 4 j, 1
real*8 acc2

complex*16 aj, i, ij, x

real*8 jn, yn, re, im
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C
C xe x * d/dx(jn(kx)).

C
C im x * d/dx(yn(kx)).

C

re(n, kr) = n * jn(n, kr) - kr * jn((n+1), kr)

im(n, kr) = n * yn(n, kr) - kr * yn((n+i), kr)

acc 2 = 0.

i = dcmpl:,(O., 1.)

if (ka .eq. 0.) then
n = 0

accl = 0.
dsp = 0.

else
C

C j=0 term of the summation.
C

j =0
aj = -re(j, ka) / dcmplx(re(j, ka), im(j, ka))

dsp = aj * dcmplx(jn(j, kr), yn(j, kr))
C

C Calculate the j=l through j=n terms
C

do j 1, 50

aj = re(j, ka) / dcmplx(re(j, ka), im(j, ka))
C

C Calculate ij.
C

1 = rood(j, 4)
if (I .eq. 0) then

ij = 1.

else if (I .eq. 1) then
ij = i

else if (I ,eq. 2) then
ij -I.

else if (I .eq. 3) then
ij = -i

end if

aj = -2. * ij * ajC

C Calculate the jth term of the sum.
C

x = (aj * dcmplx(jn(j, kr), yn(j, kr))) * co~j * phi)
C

C Determine the accuracy level for the sum with j terms.
C

acci = abs(x) / abs(dsp)
C

C Add the jth term to the sum.

C

dsp = dsp + x
n=j



I

C

C Test for convcrgence.
C

if (j .ge. 15 .and. acce .le. ace
1 .and. acc2 .le. acc) go to 10

acc2 = accl
end do

C
C If convergence not reached, set n -n.
C

n = -n
10 continue

end if
return

nd
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H.2 Line Source Scattering

The program listed in this Section H.1 models the scattering of SH-wave
pulses from a cylindrical cavity. The SH waves incident on the cavity radiate
from a line source in a space that is represented either as an infinite loss-
less space or as a lossy two-layered half-space through the selection of
appropriate options.

A sample input file and the first few lines of an output file for the
program are shown in Section H.2.2.

H.2.1 Synthetic Seismogram Program

H.2.l.l synseis

C
C Procedure name: synseis
C
C Author: J.C. Biard
C
C Discussion: This is the main procedure for the program synseis.
C This program calculates the time domain SH-wave seismic propagation
C and scattering for a line source and an array of detectors in the
C presence of an infinite cylindrical cavity of constant circular
C cross-section in an elastic space. The program is designed to allow
C for the presence of a half-space of vacuum if desired, as well as a
C surface layer located between the elastic half-space and the vacuum.
C Attenuation and dispersion are also included.
C The intent of the program is to produce data for a synthetic
C seismogram. As presently written, a set of time domain signals are
C produced, one for each of a linear horizontal array of detectors.
C These signals are the particle velocity amplitudes at each detector of
C a horizontally polarized shear (SH) wave that has propagated through
C the space and scattered from the cavity within it. If selected, the
C presence of the half-space s:rface and the surface layer produce
C reflections of the direct propagating and scattered signals, which
C become part of the time domain signal. The inclusion of differentC

velocities, densities, and attenuation'dispersion values in the
C different media allow for modeling a number of different earthC geometries,

The output data arrays containing the signal amplitudes at each
detector are written out to a file, which may then be interpreted
by a graphics presentation program to produce a synthetic seismogram.

C The input data for the program are contained in a file, the name
of which is passed to the program on invocation. An example input file

This shown below.

C• redirected to a file if the data are to be saved.
C Invocation: To run the program, after compilation and linking with the

C subroutines, type "synsels infile", where infile is the input filename.C The output may be redirected to a file by typing the command as
"synseis infile > outfile", where outfile is the output file name.



C The input file has the form:
C
C 3 $ No. of reflections. (O=space, 1=I/ 2 space, >=2=layered)
C 200., 1500. $ Layer I: SHI-wave velocity(m/s), density(kg/m**3).
C 50., .05 $ Q factor, reference radial frequency.
C 2500., 2700. $ Layer 2: SH-wave velocity(m/s), densitv(kg/m**3).
C 100., .05 $ Q factor, reference radial frequency.
C 1000., .9 $ Pulse peak freq., distribution factor.
C 39.78873577d0 $ Frequency step.
C 1., 5. $ Tunnel radius, layer depth (h >= 0.).
C 0., -50. $ Tunnel location (x, y).
C -52., -6. $ Source location (x, y).
C -50., -6. $ Detector array starting point (x, y). (y > -h)
C 51, 2. $ No. of detectors, spacing.
C
C Procedures called from this module:
C
C inc_pulse Subroutine that calculates the incident waveform
C for a source and detector in the lower region.
C inc pulse2 Subroutine that calculates the incident waveform
C for a source in the lower region and a detector
C on the surface of the half-space.
C scat_pulse Subroutine that calculates the scattered wav.eform
C for a source and detector in the lower region.
C scat_pulse2 Subroutine that calculates the scattered waveform
C for a source in the lower region and a detector
C on the surface of the half-space.
C
C Formal Arguments:
C
C Input
C input Filename of the input data file.
C
C Out put:
C none
C
C External variables:
C
C nrefl Number of reflection waves to calculate. (0<=nrefl<=6)
C pi Pi.
C h Thickness of the surface layer. (m)
C ci SH-wave velocity in the surface layer. (m / s)
C rhol Density of the surface I iyer. (kg / m)
C c2 SH-wave velocity in the lower region. (m / s)
C rho2 Density in the lower region. (kg / m)
C a Radius of the tunnel. (m)
C alpha Shape factor for the incident pulse.
C wO Peak radial frequency for the incident pulse.
"C df Frequency step. (Hz)
"C xc X position of the cavity center.
C yc Y position of the cavity center.
C ql Quality factor for the surface layer.
C wl Cutoff radial frequency for the surface layer.
"C q 2  Quality factor for the lower region.
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C w2 Cutoff radial frequency for The lower region.

C

program synseis(input)

implicit none

character input*80

integ-er*4+ nrefl
real*8 pi, h, ci, rhol, c2, rho2, a, alpha, wO, df, xc, Y'c, qi,

I wi, q2, w2

common /constants/ nrefl, pi, h, ci, rhol, c2, rho2, a,

I alpha, wO, df, xc, yc, qi, wi, q2, w2

integer*4 i, j, fdi, nx, np, time1 , time2

real*S ti, ts, dt, scale, x, y, xs, ys, dx, X0, yO, aphaý', fo

real*6 ipulse(4096), spulse(4O96 )

save ipulse, spulse

data fdi, np / 10, 4096//

-1i = 3.141592653589793dO

C Obtain the run-time constants.

open(unit =fdi, file =inpu¾- sLatUS

read(fdl, *)nrefl
read(fdi, *)ci, rhoi

read(fdi, *)qi, wi
read(fdi,* c2, rho?'

read(fdi, *)q2, w2
read(fdi, *)fO, aiphaf)
read(fdi, *)df
read(fdi, *)a, h
read(fdi, *)xc, yc

read(fdi, *)xs, ys
read(fdi, *)xO, yO

read(fdi, *)nx, dx
close(fdi )
wO = 2. * pi * fO
alpha =alphaO *wO / pi

dt= 1. / 256. /df

C Find the 1-meter incident amplitude~ scale factor.
C

call inc_pulse(O.dO, -500.dO, i.dO, -500.dO, I.dO, ti, ipUlse)

scalp 0.
do i = ,np

scale = max(scale, abs(ipulse(M))
end do
scale 1. / scale



CC Write out the constarts.

C
write( 6 ,*) nx, np, nrefI, h, cI, rhol, c2, rho2, wO, alphaO, df,

1 (t, a, xc, yc, xs, ys, xO, yO, ql, wl, q2, w2, dx
C
C Loop over the number of detector positions
C

y = yO
do 1 = 1, nx

x = xO + (i-l)*dx
C

C Calculate the incident pulse.
C

call time(timel)
if (yO .ne. 0) then

call incpulse(xs, ys, X, y, scale, ti, ipulse)
else

call inc_pulse 2 (xs, ys, x, scale, ti, ipulse)
end if
call time(time2)
timel time2 - timel
write(7, *) timel

C
C Calculate the scattered pulse.
C

call time(timel)
if (yO .ne. 0) then

call scat pulse(xs, ys, x, y, scale, ts, spulse)
else

call scatpulqe2(xs, ys, x, scale, ts, spulse)
end if

call time(time2)
timel = time2 - timel
write(7, ") timel

C
C Write out The incident and scattered pulses to the output files.
C

write(6, *) x, ti, ts
write(6, *) (ipnlse(j), j = 1, np)
write(6, *) (spulse(j), j = 1, np)

end do

stop

H.2. 1.2 fincp-p-Y-lse

C
C Procedure name: inc pulse
C
C Autlhor J.C. Biard

C
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C Discussion : This procedure produc, • a num-,erical solution of

C the equation for a line-so(:rce SI: seismic wave propagiting in

C a dispe 've absorptive half-spac- having a surfice layer as given 7:
C by Equation (151) of Volumn 1. The source and detection p<int, are
C located in the region below the surface layer. At the detection
C point, the time domain signal for the direct wave and up to nz:Ml
C reflections from the layer interface and the half-space surface are
C calculated using a high-frequency limit approximation formula. Thim;
C result is reported in the array output.
C To calculate a signal in the time domain, the frequency domain
C transfer function is calculated and converted into the time dominn
C impulse response for the propagation path. This is then convolved
C with the initial signal to produce the signal at the detector.
C This process is repeated for the direct wave and all allowed
C reflections. These time domain signals are then summed together
C to present the final signal.
C The transfer function that is calculated is multiplied by
C j * omega before the Fourier transform in order to obtain the
C time derivative of the displacement amplitud. signal upon(-
C convolving with the initial signal. The ting particle
C velocity signal is the signal most oft esented in seismic
C studies.

C
C Procedures called from this module:
C
C fft2c IMSL subroutine to calculate the Fourier transformi.
C jhc subroutine to calculate Bessol and Hankel functions.
C pulse function to calculate the original signal.
C zk function to calculato the complex wavenIUnber.
C
C Formal arguments:

C
C Input:

C xs X position of the line source.
C ys Y position of the line source.
C x X position of the detector.

C y Y position of the detector.
C scale Scale factor to apply to the output waveform.C
C Output:

C t Time value of the initiil element of the output array.

C ¢output Array of the particle velocity signal waveform values.

C External variables:
C
C nrefl Number of reflection waves to calculate. (O<=nrefl<=6)
C pi Pi.•
C

Ch Thickness of the surface layer. Wm

cl SH-wave velocity in the surface layer. (m / s)

rhol Density of the surface layer. (kg / m)

c2 SH-wave velocity in the lower region. (m / s)

rho2 Density in the lower region. (kg / m)
a Radius of the cavity. (m)
aI.alpha Shape factor for the incidont pulse.
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C wO Peik radial frequency fur the inci dvnt pAle.
C df Frequency step. (Hz)
C xc X position of the cavity center.
C yc Y position of the cavity center.
C ql Quality factor for the surface layer.
C wl Cutoff radial frequency for the surface layer.
C q 2  Quality factor for the lower region.
C w2 Cutoff radial frequency for the lower region.
C

subroutine incpulse(xs, ys, x, y, scale, t, output)

implicit none

real*8 xs, ys, x, y, scale, t, output(4096)

integer*4 nrefl
real*8 pi, h, cl, rhol, c2, rho2, a, alpha, .O, df, xc, yc, qi,

I wl, q 2 , w2

common /constants/ nrefl, pi, h, cl, rhol, c 2 , rho2, a, alpha,
I wO, df, xc, yc, ql, wl, q 2 , w2

integer*4 i, j, 1, m, n, work(9), ier
real*8 dk, k, r, dt, ti, sum, v, w, tsi2, u, tdy
real*8 pwave(25 6 ), twave(256)
complex*16 k2, kr, z, jn(2), hn(2), ftrans(256)
cornplex*16 ij, krp, nu, rp, s, bn

real-8 pulse
cor:plex*16 zk, znu

znu(k) = zk(l, k * c2 / ci) / zk(2, k)

C
C Initialize constants.
C

data m / 8/

ij = dcmplx(0.dO, l.dO)
dt = 1. / (256. * df)
dk = 2. * pi * df / c2

u = h / (abs(yc) - h)
tsi2 (rhol * cl** 2 ) / (rho2 * c2**2)

C

C Calculate the path length time offset.
C

r = sqrt((xs - x)** 2 + (ys - y)**2)
k = 128. * dk

kr zk(2,k) * r
t = dble(kr) / k / c2 - 20.dO * dt

'. ,• ! i 11-2 2

4, -. ", INPOWRP, RI -4- ýW



C

C Clear the output array.
C

do i = 1, 4096

output(i) = O.dO
end do

C
C Calculate the array for the pulse waveform.
C

do i = 1, 256
ti = (i-I) * dt
pwave(i) = pulse(ti)

end do
C
C Calculate the transfer function for the signal.
C Loop over the direct wave (nrefl = 0) and all reflections.
C

do i = 0, nrefl
n =i- 1

C
C Calculate the time delay for the signal.
C

if (i .gt. 0) then
k = 127. * dk
nu = znu(k)

rp = sqrt((x - xs)**2

I + (y + ys + 2.dO*(1.dO - dble(n)*nu)*h)**2)

tdy = dble(rp * zk(2, k)) / k / c 2 - 20.dO * dt
else

tdy = t
end if

C

C Calculate the value of the transfeCr function for the signal at
C wavenumbers from 0. to 12.7. The k = 0. value is set to 0.

ftrans(1) = O.dO
do j = 2, 128

k = (j - 1) * dk
C

C Get the complex wavenuml ,r.
C This allows for attenuation and dispersion.
C

k2 = zk(2, k)
if (i .eq. 0) thenC

C Find the direct term.

C

kr = k2 * r
call jhc(kr, 2, jn, hn)
z = hn(l)

else

.. .. ... ..... .....



C
C Find a reflection trm.
C

nu = zru(k)
rp = zsqrt((x -xs)**2

+ (y + ys + 2.dO*(1. 9 - dble(n)*nu)*h)**2)
C

C Calculate the reflection coefficient.
C

s = (tsi2 * nu - l.dO) / (tsi2 * nu + 1.dO)
if (n .eq. 0) then

bn = -s
cIse

bn = (1.dO - s** 2 ) * s**(n-1)

1 * zsqrt((l.dO + u * dble(n) * nu)

2 / (1.dO + u * dble(n) / nu))
end if

K rp = k2 * rp

,-all jhc(krp, 2, jn, hn)
z = bn * hn(l)

end if
z = ij * pi * z * (dble(k2) / k / c2)**2

C
C The p~rocedure presently calculates the particle velocity signal.
C To calcul ate displactem,nnt amplitui ds, conm<nt the ne't linie.
C

z = -ij * k * c2 * z
C
C Remove the ti me delay from the transfer function.
C

v = k * c 2 * tdy
ftr:3ns(j) zk~xp(-ij * v) * z

end do
C

C Force the high k x'a~lis to zero.
C

j = 5. /dk
w= 128. * dk - 5.
do I = j, 128

v = 1 * dk - 5.

ftrans(1) ftrans(i) * (s. + cs(v * pi / w)) 2.
end do

C
C Perform the Inve rse Fourier trans form.
C Cn no rate the full comp' Iex spec t rum and con ji'i .te it to prep ire
C for the back transform.
C
C Reflect Lhe ,pectrum for negative frequencies.
C

do I = 2, 128

ftrrans(258-i) = conjg(ftrans(l))
".id do
ftrans(129) 0.
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c Con luz7: le tt ~ ul I t~ Lv . 1, 1,1

do I = 1, 256

end do
C
C Fou~rier rar

call fft2c(fLrau;, -,, work)

C

do I = 1 , 25f6
f rAno1s conyjftrAOwl) dc

end do

C Co--- 'Iv thtý Pille andýhetr ½r nnt ion, all( n.OrM,1 i7,-

do I = 1, 25(6
sum- 0.
do j I1, 1

Sum Sun + pwolve(1-j+1 befr/~)
end do
LWa Ve~l =SCAIe * sun-. * dt /( pi h2

end do
C
C Firi.] the of f-se of the time do--itlin sý ni'n in thk2 oulILt -it rdt',
C and sjin the sK',nal into the tot il result.

j = (cdy -t) /dt
do I 1, 256

outplitl + j) ou- ")Itl + +) +wt o
en(1 do)

enc, do
re t,:rn

en'!

H.2 .3 in se

C Proceii ure na,, i nc pu I -;v 2

C Autho r- J.C. Biard
C D is ru5,.j 1 r This prwedlire produ-ces a nun''ri-ll sltinOf

cthe eqpiot iou for a I int-solrck SII so~!~wive rpy n in
a disporsiv, ah-;,rpt iv.! hal f-sij).it hitv"Iud a smrfa1-1 layer asý given by

c q'iit ion (167) in Volijnie 1. The ;otirce is, lorcatedL in the rcegion bolow
cth,- surfalco laiYer. Th.' deteoctor poiLnt is; locic~toe at the half-spice

buui:loIry , whi Th i'; the top of the sutrfice layr. r At t he do toctr i 1n



C point, the time domiain sig,!al c)r the direct wave Ind up to nrefl I
C reflections frIom the layer intterface and the half-space -urface are
C calculated using a high-frcqcency 1imit ;ipproximat ion formul .3
C This result is reported in the airay oitput.
C To calculate a signal in the time domain, the frequency domain
C transfer function is calculated and converted into the time domain
C impulse response for the pcopagation path. This is then convolved
C with the iiitial signal to produce the signal at the detector.
C This process Is repeated for the direct wave and all allowed
C reflections. These time domain signals are then summed together
C to present the final signal.

The transfer function that is calculated is multiplied by
C j * omega before the Fourier transform in order to obtain the
C time derivative of the displacement amplitude signal upon
C convolving with the initial signal. The resulting particle
C velocity signal is the signal most often presented in seismic
C studies.
C

C Procedures called from this molule:
C
C fft2c IMSL subroutine to calculate the Fourier transform.
C jhc subroutine to calculate Bessel and Hankel functions.
C pulse function to calculate the original signal.

C zk function to calculate the complex wavenumber.
C
C Fr-al irgumcnts:
C
C Input:

C xs X poe'tion of the line source.
C Vs Y position of the line source.

C x X position of the detector.
C y Y positi ,n of t he detector.
C scale Scale factor to apply to the outsut waveform.
C

C Output:
C t Time value of the initial element of the output array.
C output Array of the particle volocity signal waveform values.
C
C External vriables:
C
C nrefl Number of reflection waves to calculate. (0<=nrefl<=6)
C pi Pi.

C h Thickness of the surface layer. (m)
C ci SII-wave velocity in the surface layer. (m / s)
C rhol Density of the surface layer. (kg / m)
C c2 SiI-wave velocity in the lower region. (m / s)
C rho2 Density in the l'jwer region. (kg / m)
C a Radius of the cavily. (m)
C alpha Shape factor for the incident pulse.
C wO Peak radial frquency for the incident pulse.
C df Fr, •iuency step. (Hz)
C xc X position of the cavity conter.
C yc Y position of the cavity (,.nter.
C qI Quality factor for the surface layer.
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C w I Cutoff rad i a freqooi:icv for thim sur face laviyt r
C~ ~ q Quality fact-orfo thlwrrejn

C W2 Cutoff radi Ul freqiioncy for the Legion r
C

subroutiqe inc-pule2?(xs, YS, X, scab1, t, outpUt)

implicit none

reail*6 xs, ys, x, scale, t, outplit(4096)

integer*4 nrefl
real*8 p i, h, ci, rhol, c2, rho?, a, alphai, wO, dC, xc, Vc, qi,

1 wI, q2, w2

commo-n /constants/ nrefl, pi, h, ci, rhol, c2, rho)! -a, alpha,
1 wO, df, sc, yc, q1, wi, q'-, w2

integer*4 i , *j, I1, m, n, wo rk (9) *r
real*8 dk, k, r, dt, ti, sum, v, w, tsi2
real*8 u, tdy
real*8 pwave(256), tW3Ve(256)

complex*16 k2, kr, z, jn(2), hn(2), ftran;(Yoý)
complex*16 ij, krp, nu, bn, s, rp, p

real*8 pulse
complex*16 zk, znu

znu(k) = zk(l, k * c2 /cl) /zk(2, k)
C

C Initialize local constants.
C

data mn 8/

ij = dcmplx(O.dO, 1.40)
dt = 1. /(256. * df)
dk = 2. *p! df / c2
u =h / (2.410 *abs(yc) -h)

tsi2 = (cl**2 * fhol) / (c 2 **? * rho'-)
C
C Zero the outpiir array.
C

do i - 1, 4096
oUtput(i) - 0.dO

end do

C Calculate the array for the pulse waveformn.
C

do L 1, 256
ti =(i-I) * d

pwave(i) pulse(ti)
en'd do



C
C Loop cver the direct wave (0) and all refle It t'-.

C

do i = 0, nref1
C

C Calculate the path length tirc,- offset.
C

k = 127. * dk
nu znu(k)
rp zsqrt((x - xs)**2

+ (ys + h - (1.dO + 2.dO * dble(i))*nu*h)**2)
tdy = dblo(rp * zk(2, k)) / k / c2 - 20.dO * dt
if (i eq. 0) then

t = tdy
end if

C
C Lo p over the wav,-urbers from dk to 127 * dk to get the tra-,sfer f:,ion
C values. Set the k = 0 term t) zero.
C

ftrans(l) = O.dO
do j = 2, 128

k = (j - 1) * dk

lnu = z•u(k)
C
C Get the coaplexwavenu:.ber
C

k2 = zk(2, k)
krp = k2 * rp

C
C Find the direct and reflection terms.
C

rp = z;qrt((x - xs)**2
+ (ys + h - (L.dO + 2.dO * db½e(i))*nu*h)**2)

C
C Find the reflection coefficient.
C

p = 4.dO / (tsi2 * nu + 1.dO)
s = (tsi2 * nu - 1.dO) / (tsi2 * nu + 1.dO)
bn p * s**i

I zsqrt((1.dO + u * (l.dO + 2.dO * dble(i)) * nu)
/ (1.dO + u * (1.dO + 2.dO * dble(i)) / nu))

call jhc(krp, 2, jn, hn)
z = bn * hn(0)
z = -ij * pi * z * (dble(k2) / k / c2)**2

C
C The next statement generates the particle--velocity signal transfer
C function. To obtain displacenent amplitude results, .omment the
C next line.
C

z - z * ij* k * r2

11-28
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C
C Su), raict t'it, tLirie del iv

C
v = k * c 2 

* tdy

ftraný(j) = z&.:;(-ij * v) * z
end do

C
C Fo-ce the high k values to zero.
C

j = 5. / dk
w = l2q. * dk - 5.

do I = j, 128
v = I * dk - 5.
ftran(1) I ftran.(l) * (I . + cos(v * pi / w)) 1 2.

end do
C

C Generate the full complex spectrum and conjugat,Ž it to pr<pare for t'le
C back transform.
C

C Reflect the spectrum for negative frequencies.
C

do 1 = 2, 128

trans(258-I) - coajg(ftrans(1))

end do
ftrans(129) = 0.

C
C Conjugate the full spectrum.
C

do I = 1, 256
ftrans(l) = conjg(ftrans(l))

end do
C
C Inverse Fourier transfor-n.
C

call fft2c(ftrins, m, work)
CC Conjugate and normalize.

C

do I = 1, 256
ftrans(t) = conjg(ftrans(l)) * df

end do
C
C Convolve the pulse and the transfer function, and normalize.
C

do I = 1, 256
sum = 0.

do j , 1

sum = sum + pwave(l - j + I) * dble(ftransq(j))

end do
twave(l) = scale * sum * dt / (4. * pi * rho2)

end do

H -29•



C
C Find the offset into the output -rray, and add the ,,ntribho i,t n fi
C the present 'wave to the total result.
C

j = (tdy - t) / dt
do 1 = 1, 256

output(l + j) outpur(1 + j) + twave(l)
end do

end do
return

end

H.2.1.4 jhc

C
C Procedure Name: jhc
C
C Author: J.C. Miard
C
C Discussion: This procedure calculates the complex Bessel and
C Hankel functions for complex argument z for orders zero through
C m-I and places the results in the arrays jn and hn.
C The results are obtained using series approximations to the
C 0th and 1st order B-.cssel and Neumann functions for complex ar *:x-ot

C as given in Cradshteyn and Ryzhik (1965) and uses the recursion
C formula for Bessel-class functions to obtain the values a, t e '.er

C orders. There are two different series approximations used the
C calculations, one for small values of the argument and one for ir.:e
C valuies of the argumnt. The number of terms calculated and tte
C coefficients us-ed were chosen so tha•t there is a region of ap
C between the two solutions, thus providing an accurate and sooh
C transition between the two regions.
C The constants in the a array were precalculated to
C speed the algorithm.
C
C Procedures called from this module:
C
C none
C
C Formal arg,ýments:
C
C Input
C
C z The 'omplex valued argument for the functions.
C m The number of orders to find (from 0 to m-1).
C
C Outputp:
C
C jn A iay of the Bessel functions of order 0 to m-1 of z.
C Must be at least 2 elcments.
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C h Arr i,' of th,- 11iYK'l ficti of or-In1 0 to ni.
C Mu ;t be ait l-i 2 e I.r:,- i

C

C n onwi

s u 1)r, i e j h c(z mj n, hn)

im 1) 1 m.it [I-

int~ejor*4 m
clep1ýx * 16 z, j i(,-o, h n(,-ii

integcr*4 i, j
rea1*3 pi, c, a(100), al(51), a2(49)
cornlploec*1 u, v, z2, z22, Inz2c, ji, jil, ji2, n; , nil, nit2
c 0 1'x * 1!5 ji i, j2a, w, wp, win, wf, ul, Vi, '-m, ab, im

equivallonce (a( I), al(l )) , (a(52)), a2(1 ))

C
C Inltia1j7,> local. Cons;tants.
C

dati pi, c/ 3.1!415926535.897930, .5712156649OL533d0.'

data all
* 2. O~~o3Co D0 , 3. 0 0o )0! '0t,0 00 0000 000d 3 . 6 66%%0 S.7 10
* 4. 1 66( (6m,'66)666(66o0 , 4 . 5 66 666 666 6 666h 4. 89 99 99 9')99 99 9 )M,)
* 5. 18571428ý371428500, 5.435714285714283d00, 5. 65 79 3o5071?9 365 07 d0,
* 5.8 59 3 6 50o79 36 50o3; 6.039754689754639d0O, 6. 201)6)4?2 135 6 42 13 3561)d0,
* 6. 36 ,)26 7 3102)6 7 5 1d 0, 6.50312465312465410, 6. 61()4579'."' \5 37' O 21, -

6. 67 1t4 5 79,164 57 9.-)7 d0 6.8791o50452811516(10, 6. 9 9 o2 L15 f)3 7 o,
7 7. 09 )4 7 9314 2 873 640, 7 .19 7 9 314 2i7316 4,0, 7 .290 717 40 95-2 545)d0,

* 7. 38li265100434550d0, 7.463583022l7367:Jd0, 7 . 55 19 1,)35 5 0>1 id'a,
* .63t91635550731'4dO, 7 . 7088 3)4 324 3fl010 , 7. 78-191 3506 30-o I 65diO,
* 7.8 5-43421)7 79 13)7 36100, 7.92"330759517411500, 7.98997 426lS407S1d0,

8* 80 5-;#9)903937 304010 , 8. 116990 391" 7 304010 , 8.17 77596451 '4 7 910 100O,
* 8. 2364 1998w'V)cj9ý86s5O , 8.293562533033722d0, S. 349 118 39 A9 )7 7d0,
* 8. 403 172 44 7f)43 33200, 8.45580402639'3700do, 8. 507086077b7275100,
* 8.557086077872752d(), 8.6058b6565677bl300, 8.653485:61 32'964'7700,
* 8.69999724120365400O, 8.745451786658199d0, 8.7898962,31 102tu4300,
* 8.8333744.9197220800, 8.87592768346156900, 8.91 7594350128235d0,
* 8. 953410676658ý847d(0, 8.998410676653~346d0, 9.0376263629333560!'0)/

drit-i a2/
* 9.07i087901 39'.894,0, 9.11382375045149800o, 9.15086078748851W0,
* 9. 18722442 38521 7200, 9. 222938709566453d0, 9. 258o.1t4288647U3d0,
* 9.292 -)091 :748-093(10, 9.3264074925701 3900, 9.359740825903472d0,
* 9. 3925271/111 39373,00, 9.4247S57/5u5t30-, 31,0, 9.456531107'411515(1(,
*9.48J7816HO41 15 35d0, 9. 51855I03;318071ji)V, 9.548S540684i8317910,
* 9. 57./V(.'431 '4752165400, 9.6081 16579458336d0, 9.-6 3 110203f6704 71 Id00,
* 9.!6-)h7 V1 S 2 1 o142 9. 69 1842 5.19361.)50,10, 9. 7,1t620 30 7 1384 2800
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* 9. 74901756741 2400dO, 9 .7 7 #)4-4 59441 39!426d0, 9. -,f2 i I 2b 1!K ~1-2
* 9. 82902 7')5579779dO, 9. 85500101 6553h05d0 9. 10362 1)19'."%'
* 9.905958557391033d0, 9.930956557S91033d0, 9.95564991 59157K"d0,
* 9.9S8)040159818163d0, 10.004l365-453(60332d0, 10 . ,7 94 6069 1698 5 ýd0)

* lO.05l47548093456ld0,10.074731294%88O5(Dd0,1O.097719ý0(D)6351 76d0,
* 10. 120447u73362449d0, 10. 142918983474809d0, 10. 1651412O05697031dO,
* 10. 187119227675053d0, l0.208858358109836d0, 10.230363734453922d0,
* 10.251640330198603d0, 10.272692961777549d0,1O.2935262?95110883d0,
* 10.314144851811914d0, 10.334553015077221d0,10.3547550352792ý42d0,
* 10.37475503527924ld0/

im dcmplx(0.dO, l-dO)

C I f abs (z ) is, less than 15 rhen u-se the small irgum~ent nr'i *o
C First calhtilate the Ressel aind Neumann funct ion vafles for z.
C

if (abs(z) Ilt. 15.) then
z2ýz / 2.dO

Iln z2c =2.dO *(zi og(z2) + c)
z22 =z2*z2
j i2 = 0.dO
jilI = 0.dO
ni2 = .dO
nil = 0.dO

C
C Slim the term-s for the series, '.tarting with the hig-hest indlex.
C

do i 30, 1, -1
u = -z22 /dble(i) / dble'i)
v = -z22 /dble(i) !' dble(i+1)
aa = lnz2c - a~i)
ab = Inz2c - a(i) - 1.dO ,'dble(i+l)

ji2 = u k (l.dO + ji2)
ji I v * (l-dO + jil)
ni2 =u * (aa + ni2)
T)ilI = v * tab + nil)

end do
C
C Add the zeroth terms to the -irns.

C
j i2 =ji2 + 1.dO
ji i1 z2 * (1.dO + i I
ni2 =(lnz2c + li 2) pi
n iI (z2 * (lnz2c -1.dO + nil) I .dO /z2) /pi

C Generate the H~ankfl flinc tion v~i lles from t~he Bc ssel i nd N.-vnann.

ni2 =ji2 + im * i2

IlilI jiI + im Il nI
ese
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C
C t abs -I. :1sgtca r t 15 t 11 t! 11 act th,? I I r aj ar gt i ap r'x
C

z 2 = 8. d(I z

z2'2 z?= 1

Ul = 1.
vi = 1.
V1 1.

ji2 =1.

*j2a =1.

j il 1 1.
jila 3.

C
C Sum the trsof the series.
C

do i =1, 10
w =(4.dO * dble(i) -i.dO)

wp =w +- 2.d10

win = w- 2. dO

wf 2.dO *dbloý(i)

u =-(w * /(wE (wf - .dO) *z22) *u

v = wp * u /w
Wa=w

w = wp
wp = w' + ?.dfl
ul = -(-w *.r)* (wE (wE + i.do) *z22) *ul

V1i wp *ul / w

ji2 u + ji 2

j2a ul + j2a
jiL = -v + jil
jia - = VI + jia

enrd do
C

CApply the exti~il min'lt iplying fat-tors, and ,kennerat, the Bo;sl and
C Hanke f'inct ion valuts.
C

u = z- pi / 4.dO
v = zsqrr(2.d0 pi /z)
ni2 =v Q (i? 2 im j2a / z2) * zexp(in. * u)
j i2 =v *(ji2*zcos,(u) + j2a*zs,-irdi)!z2)
n i I v * (I a / z2 - im * jil) * zexp(irn * u)

ji I v *(jil*zs;in(u) + jLa*zk-,os(u)/z2)
end if

C
C Store the 0th and 1st order Bessel and Hanikel function values.

.jn( I j ji2
jn(2) = j i
hn( I) n12

hi( 2) = nilI



C
C Apply the recnr';ion r,Žal ion to obtain the -&rdr f ancti, .n v,

C
do i 3, m

ji = 2.dO * dble(i - 2) / z * jil - ji2
ji2 = jil
jil = ji

jn(i) = ji
ni 2.J0 * dble(i - 2) / z * nil - ni2
ni2 ni I
ni I =n:

hi.(i) = ni
end do
return

end

H.2.1.5 Fun1tion o ulse

C

C Procedure name: pulse
C

C Author: J.C. Biard
C
C Discussion: This procedure calcuilates the value of a tire-½ni>
C wave packet function at the time, t, ising Fqu:ation (63) in Vo)Ii7, I.
C The shape and central frequency of the pulse is determined by the
C t-xternal variables alpha and wO. The variable alpha controls the
C width of the puilse envelope and the viriable -$1 s•et o' ,,tral
C f e nncy. Alpha is c-nsidered as a fraction of wO diviei !)y .
C

C Procedures c ! ed from tn is :; ),. 11

il)ne
C

C Formal ne
C

C Input
C
C t Mhe time in -,oconds for which c ho finct inn vk Iti is
C desired.

C
C Output :
C
C le&se The value of the pulse f inct ion it tie t.
C
C Exttrnal vari.ihles:

-irtf I NntAfh,:r of re.flection waves to c.0]cul ate. (0<=nrI %<-6)

C pi Pi.
SC h Thickness of the -;urfaice latyer. (m)

C clSil-wave vel o, ty in the surface laver. (m /s)
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C rhoI Density of the surfac-, lay :. (kg/m)
C c2 S H-;ave ve' .)city in the lo.r reggin. (On s)
C rho2 Denssity in the lower region. (kg / m)
C a Radius of the cavity. (m)
C al;.a Shap-' factor for the incident pulse.
C wO Peak radial frequency for the incident pul;e.
C df Frequency step. (Hz) _e
C xc X position of the cavity center.
C yc Y position of the cavity center.
C qI Quality factor for the surface layer.
C wl Cutoff radi3l frequency for the surface layer.
C q 2 Quality factor for the lower recion .
C w2 Cutoff radial frequency for the low.'r region.
C

real*8 funcion pulse(t)

implicit none

real*8 t

integer*4 nr.fl
real*8 pi, h, c, rhol, c2, rho?, a, alpha, w0 , df, xc, ye, qi,

1 wl, q2, w2

coMn:,nen /constants/ nrefl, pi, h, cl, rhol, c2, rho2, a, alpha,
1 wO, df, xc, yc, ql, wl, q2, w2

real*8 at, wOt

C
C Calculate the function value.

at = alpha * t
wOt wO * t
Pulse at *exp(-at) *sin(t)
retoir n

end

H.2. 1 . 6 scat_pulse

C

C Procedure name: scat_pulse

C Author J.C. Biard

C

C ,iculoll This procedure produices a numerical solut ion of

Sthe eqlation for a line-source SH soismic wave propagating in

C a dispersive absorptive half-space having a surface layer as f-
c expressed by Equition (1 4 8a) in Volume I. The wave scatters from

an Infi-ite cylindrical cavity of radidus, a, located yc meters belnw



C the half-space surface. The source and detection points are located
C in the region below the surface layer. At the detection point the
C time domain signal for the scattered wave, including nrefl pre-
C scattering and nrefl post-scattering reflections from the surface

C layer boundary and the half-space boundary, is calculated using a
C high-frequency limit approximation formula. The results are reported!C in the array wave.

C To calculate a signal in the time domain, the frequency domain
C transfer function is calculated and converted into the time domain
C impulse response for the propagation path. This is then convolved
C with the initial signal to produce the signal at the detector.
C This process is repeated for the direct wave and all allowed
C reflections. These time domain signals are then summed together
C to present the final signal.
C The transfer function that is calculated is multiplied by
C j * omega before the Fourier transform in order to obtain the
C time derivative of the displacement amplitude signal upon
C convolving with the initial signal. The resulting particle
C velocity signal is the signal most often presented in seismic
C studies.
C
C Procedures called from this module:
C
C fft2c IMSL subroutine to calculate the Fourier transform.
C jhc subroutine to calculate Bessel and Hankel functions.
C pulse function to calculate the original signal.
C zk function to calculate the complex wavenumber.
C
C Formal arguments:

C Input:

C xs X position of the line source.
C ys Y position of the ldne source.
C x X position of the detector.

"•i C~y Yposition of the detector.

C scale Scale factor to apply to the output waveform.

C
I ~ C Output:

C t Time value of the initial element of the output array.
C wave Array of the particle velocity signal waveform values.

flcC

SC External variables:
• C
}C nrefl Number of reflection waves to calculate. (O<=nrefl<=6)

• ••C pi Pi.

piC h Thickness of the surface layer. (m)
C cl SHI-wave velocity in the surface layer. (m / s)
C rhol Density of the surface layer. (kg / m)
C c2 SH-wave velocity in the lower region. (m / s)
C rho2 Density in the lower region. (kg / m)
C a Radius of the cavity. (m)
C alpha Shape factor for the incident pulse.
C wO Peak radial frequency for the incident pulse.
C df Frequency step. (1lz)
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C xc X position of the cavity center.
C yc Y position of the cavity center.
C qy Quality factor for the surface layer.
C wl Cutoff radial frequency for the surface layer.
C q2 Quality factor for the lower region.
C w2 Cutoff radial frequency for the lower region.
C hnkrs Array of variables made external to save memory.
C hnkr Array of variables made external to save memory.
C

subroutine scatpulse(xs, ys, x, y, scale, t, wave)

implicit none

real*8 xs, ys, x, y, scale, t, wave(4096)

integer*4 nrefl
real*8 pi, h, cl, rhol, c2, rho2, a, alpha, wO, df, xc, yc, q1,

S1 wl, q2, w2

common /constants/ nrefl, pi, h, cl, rhol, c2, rho2, a,
I alpha, wO, df, xc, yc, ql, wl, q2, w2

integer*4 i, n, J, 1, nr, nrs, virgin, ier, m, work(9)real*8 dt, dk, sum, k, tdy, c, cs, phis, phi, thetareal*8 acc, accl, w, v, u, tsi2, acc2

real*8 pwave(256), twave(256)

complex*16 k2, z, dispi, ij, aj, ka, krs, kr, nu, r, rs, cnr, cnrs
complex*16 s, ss, b
complex*16 trndsp(128), spect(256), hnka(0:50)
complex*16 hnkrs(0:49,2:128,0:5), hnkr(0:49,2:128,0:5)
complex*16 jnka(0:50), jpka(0:49,2:128), hpka(0:49,2:128)

common /hankel/ hnkrs, hnkr

save jpka, hpka

real*8 pulse, zatan

complex*16 zk, znu

equivalence (trndsp(1), spect(l))

znu(k) - zk(l, k * c2 / cl) / zk(2, k)
zatan(s, x) - .5 * (datan2(dble(s), (x + dimag(s)))

I + datan2(dble(s), (x - dimag(s))))

C
C Initialize local constants

data virgin / 0/
data m / 8/

data acc /.0001/



1ij = dciplx(0. I.

dt = 1. / (256. * df)
dk = df * 2 * pi / c2
u = h / (abs(yc) - h)

Cs = xs - xC

tsi2 = (cl'* 2 * rhol) / (c2**2 * rho2)
C

C Zero the output array.
• C

do i = 1, 4096
wave(i) = 0.

end do
C
C Generate the pulse waveform.
C

do 1 = 1, 256
v = dble(l - 1) * dt

pwave(l) = pulse(v)
end do

C
C Calculate the initial path length time offset.
C

k =128. * dk

r = sqrt((x - xc)**2 + (y - yc)**2)
"rs sqrt((xs - xc)**2 + Cys yc)**2)

. t - d'1e((rs + r) * zk(2, k)) / k / c2 - 20. * dt

C
C Get the scattering coefficients for the cavity.
C

if (virgin .eq. 0) then
virgin = 1
do i = 2, 128

k = dble(i-1) * dk

I ~ k2 = zk(2, k)
41, ka = k2 * a

call jhc(ka, 51, Jnka, hnka)
1#p do j 0, 49

jpka(j,i) = dble(j) * jnka(j) - ka * jnka(j+l)

hpka(J,i) = dble(j) * hnka(j) - ka * hnka(j+l)
end do

end do
end if

C
C Calculate the Hankel functions used in the field equation.
C This is done to prevent recalculation later.

C

C: ,4:C Loop over the direct term and the i,,imber of reflections.

"do nrs = C, nrefl
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C
C Get the direct source-scatterer and det,,ctor-scarterer distances.

C

if (nrs .eq. 0) then
ss = ys - yc
rs = sqrt(cs**2 + ss**2)

s = y -- yc

r = sqrt(c** 2 + s**2)

end if
C
C Loop over the wavenumber from dk to 127 * dk.

C

do i = 2, 128

k = dble(i-1) * dk

k2 = zk(2, k)
C
C Get the reflected source-scatterer and detector-scatterer distances.
C

if (nrs .gt. 0) then

nu = znu(k)
ss = -(ys + yc + 2.dO * (1.dO - ile(nrs-l) * nu) * h)
rs = zsqrt(cs**2 + ss**2)
s = -(y + yc + 2.dO * (l.dO dble('rs-i) * nu) * h)

r = zsqrt(c**2 + s**2)

end if

krs = k2 * rs

kr = k2 * r
C
C Calculate the Hankel function values.
C

call jhc(krs, 50, Jnka, hnkrs(0,i,nrs))

call jhc(kr, 50, jnka, hnkr(0,i,nrs))

end do
end doC

C Begin the Solution.

C Loop over the direct and all the reflection terms for the source.
C

do nrs = 0, nreflC

C Get the direct source-scatterer distance and angle.
C Set the source-scatterer amplitude factor.

if (nrs .eq. 0) then
ss - ys - yc
rs - sqrt(cs**2 + ss**2)

phis = zatan(ss, cs)

cnrs = 1.dO
end if

Loop over the direct and all the reflection terms for the detector.

do nr 0 0, nrefl
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C

C Get the direct detector-scatterer distance and angle.
C Set the detector-scatterer amplitude factor.
C

if (nr .eq. 0) then
S =y - yc
r = sqrt(c**2 + s**2)
phi - zatan(s, c)

cnr - I.dO
end if

C
C Loop over the wavenumber values from 0. to 127 * dk
C

do i = 1, 128
k = dble(i - 1) * dk
k2 = zk(2, k)

if (i .eq. 1) then
nu = c 2 / cl

else
nu = znu(k)

end if
b = (tsi2 * nu - l.dO) / (tsi2 * nu + 1.dO)

C
C Get the reflected source-scatterer distance and angle.
C Set the source-scatterer amplitude factor.
C

if (nis .gt. 0) then
ss = -(ys + yc + 2.dO * (l.dO - dble(nrs-1) * nu) * h)
"rs = zsqrt(cs**2 + ss**2 )

phis = zatan(ss, cs)
if (nrs .eq. 1) then

cnrs = -b
else

cnrs = b**(nrs-2) * (l.dO - b**2)

1 * zsqrt((1.dO+u*nu*dble(nrs-1))
2 / (l.d0+u*dble(nrs-1)/nu))

end if
end if

C Get the reflected detector-scatterer distance and angle.!
C Set the detector-scatterer amplitude factor.

,J C

if (nr .gt. 0) then
s = -(y + yc + 2.dO * (l.dO - dble(nr-1) * nu) * h)

r = zsqrt(c**2 + s**2)
phi = zatan(s, c)
if (nr .eq. 1) then

cnr s-b

else
cnr = b**(nr-2) * (1.dO - b**2)

1 * zsqrt((1.dO+u*nu*dble(nr-1))
2 / (l.dO+u*dble(nr-1)/nu))

end if
end if
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C
C Get scattered field value.
C

krs k2 * rs
kr k2 * r
theta = phis - phi

C
C Do the scattered field transfer function summation.
C J=O term of the summation.
C

if (k .eq. 0.) then
dispi = 0.

else e
aj = jpka(j,i) / hpka(j,i)

• hnkrs(j,i,nrs) * hnkr(j,i,nr) -:

dispi = aj

end if
C
C Calculate the J=l through j=n terms
C

acc2 = 0.

do j = 1, 49
C
C Calculate the ith term of the sum.
C

if (k .eq. 0.) then -

z = -ij * cos(dble(j) * theta)

/ (rs * r / a**2)**j / dble(j)
else

aj 2.dO * jpka(j,i) / hpka(j,i)
• hnkrs(J,i,nrs) * hnkr(ji,nr)

z = aj * cos(dble(j) * theta)

end if
C
C Add the jth term to the sum.
C

dispi = dispi + z
C
C Determine the accuracy level for the sum with j terms.
C

if (abs(dispi) .eq. 0.) then
accl =acc

else
accl . abs(z) / abs(dispi)

C end if

C Test for convergence

n j
if (accl .le. acc .and. acc2 .le. acc

.and. j .ge. 10) go to 10

acc 2 
= accl

end do

II-' 41



C
C Flag non-convergence error.

S~C
write(7, 2000) acc, accl

10 continue
' dispi -iJ * pi * cnr * cnrs * dispi

-J C The next statement is for calculating particle velocity seismograms.
C To calculate displacement seismograms, comment the statement.
C

dispi -ij *dispi *c2 *k4
"C Apply partial normalization and add the term to the transfer function.
C

if (k .eq. 0.) then
dispi = dispi / c2**2

else
disp = dispi * (dble(k2) / k / c2)**2

•il •nd if

,A. trndsp(i) = dispi
Reoeend do

SC Remove path length time delay from the transfer function.

k = 127.dO * dk
k2 = zk(2, k)
"tdy dble((rs + r) * k2) / k / c2 - 20. * dt
v = dk * c2 * tdy

do i = 1, 128
k = dble(i - 1) * v
trndsp(i) = trndsp(i) * zexp(-ij * k)

Fre end do
C

•iC Force the high k values to zero.

j = 5. / dk
w = 128. * dk - 5.
do 1 = J, 128

v = 1 * dk - 5.
trndsp(l) = trndsp(l) * (I. + cos(v * pi / w)) / 2.

end do
C
C Generate the full complex spectrum and conjugate it to prepare for the
C back transform.
C
C Reflect the spectrum for negative frequencies.
C

do 1 = 2, 128
spect(258-1) conjg(trndsp(l))

end do
spect(129) = 0.

C
C Conjugate the full spectrum.
C
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do 1 1, 256
spect(1) = conjg(spect(l))

end do
C
C Inverse Fourier transform.
C

call fft2c(spect, m, work)
C
C Conjugate and normalize.
c

do I = 1, 256
spect(l) = df * conjg(spect(l))

end do
C
C Convolve the pulse and the transfer function, and normalize.

do 1 = 1, 256
sum = 0.
do j 1, 1

sum = sum + pwave(l - j + 1) * dble(spect(j))
end do
twave(l) = scale * sun * dt / (4. * pi * rho2)

end do
C
C Find the time offset and add the pulse to the time domain signal.
C

i - (tdy - t) / dt
do 1 - 1, 256

if (1 + i .ge. 1) then
wave(l + i) wave(l + i) + twave(l)

end if
end do

end do
end do
return

2000 format(,Convergence failed. Limit ",g1 4 .6,", value = ",g14. 6 )

end

11.2.1.7 scat-pulse2

C
C Procedure name: scat_pulse2

C *4C Author J.C. Biard
C
C Discussion This procedure produces a numerical solution of
C the equation for a line-source SH seismic wave propagating in
C a dispersive absorptive half-space having a surface layer asexpressed b,, Equation (165) in Volume I. The wave scatters from
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C an infinite cylindrical void of radius a located yc meters below

C the half-space surface. The source point is located in the region
C below the surface layer and the detector point is located at the
C surface of the the half-space. At the detection point the time
C domain signal for the scattered wave, including nrefl pre-i :C scattering and nrefl post-scattering reflections from the surface
C layer boundary and the half-space boundary, is calculated using a

SC high-frequency limit approximation formula. The results are
;C reported in the array wave.
•C To calculate a signal in the time domain, the frequency domain
C transfer function is calculated and converted into the time domain
C impulse response for the propagation path. This is then convolved
C with the initial signal to produce the signal at the detector.
C This process is repeated for the direct wave and all allowed
"C reflections. These time domain signals are then summed together
C to present the final signal.
C The transfer function that is calculated is multiplied by
"C j * omega before the Fourier transform in order to obtain the
C time derivative of the displacement amplitude signal upon
C convolving with the initial signal. The resulting particle
C velocity signal is the signal most often presented in seismic
C studies.

C
C Procedures called from this module:

C
C fft2c IMSL subroutine to calculate the Fourier transform.
C jhc subroutine to cal.ulate Bessel and Hankel functions.
C pulse function to calculate the original signal.
C zk function to calculate the complex wavenumber.
C

C Formal arguments:
C
C Input:

V.. C xs X position of the line source.
C ys Y position of the line source.
C x X position of the detector.
C scale Scale factor to apply to the output waveform.
C
C Output:
C t Time value of the initial element of the output array.
C wave Array of the particle velocity signal waveform values.
C

C External variables:
C
C nrefl Number of reflection waves to calculate. (0<=nrefl<=6)
C pi Pi.
C h Thickness of the surface layer. (m)
C cl SH-wave velocity in the surface layer. (m / s)
C rhol Density of the surface layer. (kg / m)
C c2 S1H-wave velocity in the lower region. (m / s)
C rho2 Density in the lower region. (kg / m)
C a Radius of the cavity. (m)
C alpha Shape factor for the incident pulse.
C wO Peak radial frequency for the incident pulse.
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C d f FrequeŽncy step. (11z)
C xc X position of the cavity center.
C yc Y position of the cavity center.
C qi Quality factor for the surface layer.
C wi Cutoff radial frequency for the surface layer.
C q 2 Quality factor for the lower region.
C w2 Cutoff radial frequency for the lower region.
C hnkrs Array of variables made external to save me~mory.
C hnkr Array of variables made external to save memory.
C x

subroutine scat pulse2(xs, ys, x, scale, t, wave)

implicit none

real*8 xs, ys, X, scale, t, wave(4096)

integer*4 nrefl
real*8 pi, h, ci, rhol, c2, rho2, a, alpha, wO, df, xc, yc, q1,
I ~wi, q2 , w2

comn/constants/ nrefl, pi, h, ci, rhol, c2, rho2, a,

alpha, wO, df, xc, yc, q1, wi, q2, w2

integer*4 i, n, J, 1, nr, nrs, virgin, ier, m, work(9)
real*8 dt, dk, sum, k, tdy, c, Cs
real*8 ace, acci, w, v, u, tsi2
real*8 acc2, us, phi, phis, theta
real*8 pwave(2 56), twave(256)
complex*16 mu, r, rs, S, SS, cnr, cnrs
complex*16 k2, z, dispi, Ii, aj, ka, krs, kr, b
complex*16 trndsp(128), spect(256), hnka(O:5O)
complex*16 hnkrs(0:49,2:128,O:5), hnkr(O:49,2:128,O:5) 4
complex*16 jnka(0:50), jpka(O:49,2:128), hpka(O:49,2:128)

common /hankel/ hnkrs, hnkr

save jpka, hpka

equivalence (trndsp(I), spect(i))

real*8 pulse, zatan
cornplex*16 zk, znu

znu(k) - zk(l, k * c2 / ci) / zk(2, k)
zatan(s, x) - .5 * (datan2(dble(s), (x + dimag(s)))

1 + datan2(dble(s), (x -dimag(s))))

C
C Initialize local constants.
C

data virgin / 0/
data mn /8/
data acc / .0001/



vil
ij = dcmplx(0., 1.)
dt = 1. I(256. * df)
dk =df 2 *pi/c2

-cus = h /(abs(yc) -h)

u = h I(2.dO *abs(yc) -h)

C = x -xc

Cs - xs - xc

ts12 =(cl**2 *rhol) /(c2**2 *rho2)

C
C Zero the output array.
C

do i = 1, 4096
wave(i) =0.

end do
C

5C Generate the pulse waveform.
C

do 1 = 1, 256
v = dble(I - 1) * dt
pwave(l) =pulse(v)

* end do

C

C
C If this is the first call to the subroutine, then calculate the coefficients
C

if (virgin .eq. 0) then
virgin 1

C
C Loop over wavenurnbers from Ak to 127. *dk.

C

do i 2, 128

C~~~ Ge=h dble(i-1) * dk

C Ge thecomplex wave number.
C

k2 -zk(2, Q)
ka = k2 * a

C
C Find the values of the Bessel and Hankel functions for the
C argument ka.
C

call jhc(ka, 51, jnka, hnka)
C

C Calculate the coefficients from the Rese and Hankel functions.

$doj -0, 49
jpka(j,i) = dble(j) * jnka(j) - ka * jnka(j+l)
hpka(j,i) = dble(j) * hnka(j) - ka * hnka(j+1)

end do
end do

end if
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C Calculate the Hankel function values used in the solution for
C the scattered field. This is done in advance to save execution --

C time.
; C -:

C Loop over the direct and all image terms. -r

do nrs = 0, nrefl
C
C Get the direct source-scatterer distance.

IC
if (nrs .eq. 0) then

ss = ys - yc
rs - zsqrt(cs**2 + ss**2)

end if 
..rC

C Loop over wavenumber values from dk to 127. * dk.
C

do i = 2, 128
k - dble(i-l) * dk

C Get the complex wavenumber.
C

k2 - zk(2, k)
nu = znu(k)

C

C Calculate the source-scatterer distance with nrs reflections.
¢

if (nrs .gt. 0) then

ss = -(ys + yc + 2.dO * (l.dO - dble(nrs-1) * nu) * h)
rs = zsqrt(cs**2 + ss**2)

end if

C Calculate the detector-scatterer distance with nrs reflections.
C

s - -(h + yc - (1.dO + 2.dO * dble(nrs)) * nu * h)
r - zsqrt(c**2 + s**2)
krs k2 * rs
kr = k2 * r

C
C Find the Hankel function values for the arguments krs and kr.
C

call jhc(krs, 50, jnka, hnkrs(O,i,nrs))
call jhc(kr, 50, jnka, hnkr(O,i,nrs))

end do
end do

'C
C Begin the solution.
C
C Loop over all the direct and reflection terms for the source.
C

do nrs - 0, nrefl
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C

C Calculate the direct source-scatterer distance, ar,'le, and ;implitLde factqr'
C

if (nrs .eq. 0) then
ss = ys - yc

rs = zsqrt(cs**2 + ss**2)
phis = zatan(ss, cs)
cnrs = 1.dO

end if
C
C Loop over all the direct and reflection terms for the detector.
C

do nr = 0, nrefl
C
C Calculate values for 0. <= ka <= (nk - l)*dka, stepping by dka.
C

do i = I, 128
k = dble(i - 1) * dk

k2 = zk(2, k)
if (k .eq. 0) then

nu = c2 / cl
else

nu = znu(k)
end if
b = (tsi2 * nu - 1.dO) / (tsi2 * nu + 1.dO)

C
C Calculate the source-scatterer distance, angle, and amplitude factor
C with nrs reflections.
C

if (nrs .gt. 0) then
ss = -(ys + yc + 2.dO * (1.dO - dble(nrs-1) * nu) * h)
rs = zsqrt(cs**2 + ss** 2 )
phis = zatan(ss, cs)
if (nrs .eq. 1) then

cnrs = -b
else

cnrs = b**(nrs-2) * (1.dO - b**2)

1 * zsqrt((l.dO+us*nu*dble(nrs-1))
2 / (l.dO+us*dble(nrs-l)/nu))

end if
,•nd if

C
C Calculate the detector-scatterer distance, angle, and amplitude factor
C with nr reflections.
C

s = -(h + yc - (I.dO + 2.dO * dble(nr)) * nu * h)

r = zsqrt(c**2 + s**2)
phi = zatau(s, c)
cnr = b**nr * 4.dO / (tsi2 * nu + 1.dO)

1 * zsqrt((l.dO+u*i,*(l.dO + 2.dO * dble(nr)))
2 / (l.dO~u*(l.dO + 2.dO * dble(nr))/nu))
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C
C Get scat'e-ed field val2I.

C

krs k2 * rs

kr k2 * r
theta = phis - phi

C
C Begin sumnation of the scattered field terms.
C
C j=O term of the sumiation
C

j =0
if (k .eq. 0.) then

dispi = 0.

else
aj - jpkaf , / hpka(j,i)

1 hnhr•- ,i,nrs) * hnkr(j,i,nr)
dispi.

end if
C
C Calculate the j= through j=n ter-:s.
C

acc2 = 0.
do j = 1, 49

C
C Calcul3te the jth tern of the sum.
C

if (k .eq. 0.) then

z -ij * cos(dble(j) * theta)
/ (rs * r / a**2)**j / dble(j)

else
aj 2.dO * jpka(j,i) / hpka(j,i)

• hnkrs(j,i,nrs) * hnkr(j,i,nr)
z aj * cos(dble(j) * theta)

end if

C Add the jth term to the sum.
C

c dispi = dispi + z

C Determine the accuracy level for the sum with j terms
C

if (abs(dispi) .eq. 0.) theii
acci = ace

else
accl = abs(z) / abs(dispi)

end if

* C Test for convergence.
C

n =j

If (accl .le. acc .ind. acc2 .le. acc

.and. j .ge. 10) go to 10



ace2 = iccl

end do
C
C Flag non-convergence error.
C

write( 7 , 2000) ace, accl
10 continue

dispi = -ij * pi * cnr * cnrs * dispi
C
C The next statement is for calculating particle velocity seisnogra'ms.
C To calculate displacement seismograms, comment the statemtnt.
C

dispi = -ij * dispi * c2 * k
C
C Apply partial normalization and add the term to the transfer f.- ti n
C

if (k .eq. 0.) then
dispi = dispi / c2** 2

else
dispi = dispi * (dble(k2) / k / c2)**2

end if
trndsp(i) = dispi

end do
C
C Remove path length time delay from the transfer function.
C

k = 12 7 .60 * dk
k2 zk(2, k)
tdy dble((rs + r) * k2) / k / c2 - 20. * dt
if (nr .eq. 0 .and. nrs .eq. 0) then

t = tdy
end if
v = dk * c 2 * tdy
do i = 1, 128

k = dble(i - 1) * v
trndsp(i) trndsp(i) * zexp(-ij *k)

end do
C
C Force the high k values to zero.
C

j= 5. / dk
w = 128. * dk - 5.

do 1 j, 128
v = 1 * dk- 5.
trndsp(1) = trnd~p(l) * (1. + cos(v * pi / w)) / 2.

end do
C
C Generate the full complex spectrum and conjugate it to prt<pare for the
C back transform.
C
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C Reflect the spectrnu for ne.,itive frequenciet .

C

do 1 = 2, 128
spect(258-1) = con"(trnds(I)

end do
spect(129) = 0.

C
C Conjugate the full spectrum.
C

do I = 1, 2ý6
spect(l) = conjg(spect(l))

end do
C
C Inverse Fourier transform.
C

call fft2c(spect, m, work)
C
C Conjugate and normnalize.
C

do 1 = 1, 256
spect(l) = df * conjg(spect(I))

end do
C
C Convolve the pulse and the transfer functior, and normalize.
C

do I = 1, 256
sun 0.
do j 1, 1

sum sum + pwave(l - j + 1) * dble(spect(j))
end do
twave(1) scale * sum * dt / (4. * pi * rho2)

end do
C
C Find the offset into the array and add the pulse to the time doo.aln signal.
C

i = (tdy - t) / dt
do I = 1, 256

if (I + i .ge. 1) then

wave(l + i) 'wave(l + i) + twave(1)

end if
end do

end do
end do
return

p 2000 format("Convergence failed. Limit - ",g1 4 .6,", value ",g 1 4 . 6 )

end

C,

A.}f %



H.2. 1.8 Cg -)1ex Function zk

C
C Procedure name: zk
C
C Author: J.C. Biard
C
C Discussion: This procedure calculates a complex wavenumber
C from a real seed wavenumber, k, using Equation (60) in Volume I.
C This complex wavenumber is used to Introduce dispersion and
C attenuation into the equations in which the results are used. The
C complex wavenumber can be determined for either of two difl, :eut
C media, as selected by the index n.
C The real part of the complex wavenumber is conqidered to be
C the dispersive wavenumber, for which the velocity of pr,•< ivtron
C rises with the natural log of the frequency. The imain,'y p,,rt
C is considered to be the atteniation, and rises with the e,>•tiaI
C of the frequency.
C The cal culations of the complex wavenuo-b,_r make 'ise of a
C threshold r,:dial frequency, wi, and a qualitY factor,
C qi, (i = 1, 2). Below the threshold frcquencv, there is no
C dispersion or attenuation. The quality factt~r is a unitless
C quantity that describes the ma:gnitude of the dispersion and
C attenuation in a given medium.
C
C Procedures called from this Module:
C
C none
C
C Formal arguments:
C
C Input:
C
C n The mdium fup which the complex wavenurber is to be
C calculaited.
C k The real wavenumber, which i's used as a s,-ed for the
C complex value.

C
C Out puta
C
C zk The "•',mplex w~ivenum~br.
C
C External variables:
C

C nrefl Number ,f reflectioi wave-s to calcul~ate. (0<=nrefl<=6)
C pi Pi.

C i Thickness of the surface layer. (m)
C cl SH-wave velocity in the surface layer. (m / s)
C rhol Density of the surface layer. (kg / m)
C c2 SI ,'ave velocity in the lower region. (m / s)
C rho2 Density in the lower region. (kg / m)
C a Riddiius of the ;avity. (m)
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C aIph Shij-7 , factor for the incideaL pulse.
C wO Peat: rodiai frequency for the incldenýt pulse.

C dF Frt ijelicy step. (-.z)
C xc X positiorm oF the cavity center.
C yc Y position of the cavity center.

C qI Quality factor for the surface layer.

C wI Cutoff radial frequency for the surface layer.

C q2 Q1 ility factor for the lower region.

C w Cutoff rad i-l frtc quency for the lower region.

C

cooplex*16 function zk(n, k)

implicit no1:10

integer*4 n
real*8 k

integer*4 nrefl
real*8 pi, h, cl, rhol, c 2 , rho2, a, alpha, wO, dr, xc, yc, q1,

I wI, q 2 , w2

cornnon /constantts/ nrefl, pi, h, cl, rhol, c2, rho2, a,

I alpha, wO, dr, xc, yc, qi, wl, q2 , w2

real*8 beta, kp, wp

C
C Calculate the complex wavenumber for melium, 1.
C

if (n .eq. 1) then
wp = k * cl / wl

C
C If the wavenunber is over threshold, caliilate the new velority t
C and attenuitton.
C

if (wp .e. I.) then
kp = k * (1. - logvsp) ( p1 / qi)

beta = k * (1. - exp(-wp)) / 2. / q1
elso

kp = k

beta = 0.
end if

else
C
:C Calculate the complex wavenunber for medium 2.

C 
-

C wp = k * c2 / w2

C If the wivenumb,'r is over threshold, calculate the new velocity
SC

and _tten i iion.SC

(wp . 1.) then
kp = (' . - log(wp) / p1 / q 2 )
b-:•a k * (0. - exp(-wp)) / 2. / q 2



else
kp = k
beta = 0.

end if
end if
zk = dcmplx(kp, beta)
return

end

H.2.2 Data Files

A sample input file and the first thirty lines of the resulting output
file from the program synseis are shown below.

H.2.2.1 Sample Input

Below is a sample input file for the program synseis. The first line
in the file specifies the number of reflections that are allowed to be pro-
cessed, up to a maximum of six. For a value of 0, the result will be that of
an infinite space. For a value of 1, the result will be that of a half-space
with boundary conditions specified by other parameters in the file. For a
value of 2 or greater, the program will model a half-space with a surface
layer.

The second line specifies the velocity and density of the sur-
face layer.

The third line specifies the quality factor of the surface layer
and the cutoff radial frequency of the lossy behavior of the surface layer. If
the cutoff is set very high, -1030, the surface layer will be lossless.

The fourth line specifies the velocity and density of the lower
region of the half-space.

The fifth line specifies the quality factor of the lower region
and the cutoff radial frequency of the lossy behavior of the lower region. If
the cutoff is set very high, -1030, the lower region will be lossless.

The sixth line specifies the peak frequency, in Hertz, and the
damping rate of the pulse. A value of .9 is strongly damped, and smaller
values will cause the pulse to damp more slowly.

The seventh line specifies the step in frequency to use in all
the calculations of the seismic waves in the frequency domain. This value is
in units of Hertz.

The eighth line specifies the radius of the cavity in meters
and the thickness of the surface layer in meters.

The ninth line specifies the location of the cavity in a
coordinate system in which the half-space surface is the surface at y = 0
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meter, and in which the cavity and all sources and detectors must be in th.ý2
region of negative y. The cavity location is given as an x, y pair, an. it
must not be located in the surfaer layer, which is considered to lie in the
region from y = 0 meters to y = -h meters.

The tenth line s acifies the source location in the coordinati
system mentioned above. Like the cavity, the source must be located in the

lower region.

The eleventh line specifies the starting location for the array

of detectors at which the SH wave signal is calculated. This array is consid-
ered to run parallel to the x axis. The array must be located in the lower
region or on the surface of the half-space, at y = 0 meters. ir

The last line specifies the number of detectors present in the
detector array and the spacing between the detectors, in meters.

The example below is an exact copy of the input file used with
the program synseis to generate the output in the next section. The comnients
on each line are not required, but may be there without disturbing the reading
of the parameters by the program. The numerical values must be presented in

the order and on the lines as shown below.

3 $ No. of reflections. (O=space, l=1/2space, >=2=layered)
500., 1500. $ Layer 1: SH-wave velocity(m/s), density(kg/m**3).
50., .05 $ Q factor, reference radial frequency.
2500., 2500. $ Layer 2: S!I-wave velocity(m/s), density(kg/m**3).
100., .05 $ Q factor, reference radial frequency.
1000., .9 $ Pulse peak freq., damping factor.
3 9 .78873577d0 $ Frequency step.
1., 5. $ Cavity radius, layer depth (h >= 0.).
0., -50. $ Cavity location (x, y). 7, .

-52., -6. $ Source location (x, y).

1., -6. $ Detector array start point (x,y). (y>-h or y=O)

1, 1. $ No. of detectors, spacing.

.a2.2. 2  amp3 1_ 2ut_!t

The output below is an exact copy of the output generatcd by the pro-
gr-1:- synseis when the input file is the one shown above. The listing below
represents the first thirty lines of the output.

1 4096 3 5.0 500.0 1500.0 2500.0 2500.0 62,33.18530717958580)
.900000000000000 39.788735770000002 9.81747704320187E-005 1.0

O.OOOOOOOOOOOOOOE+000 -50.0 -52.0 -6.0 1.0 -6.0 50.0 5.00000000000000E-002
100.0 5.00000000000000E-002 1.0

1.O 1.83343267201207E-002 4.09793842635796E-002

O.00Cj000ooooo00OE+00 -9.86040601716357E-006 -3.73468405469897E-005
- 7 .41127820050589E_005 -1.05098616880071E-004 -1.14173362353061E-004

-9. 1 0 977460277003E-005 -3.89472225515549E-005 1.89022072857182E-005
5.13371893ý94,03E._005 4.2863740538'0I1E-005 1.57501389501543E-005
5'051853419o1528E-006 1.72098051512163E-005 -5.6044',452183841E-006
-8-91955238727754F,-005 -1.34353715526207E-004 2.09600246275653E-004



3.'U942661672617E-004 -6.72339541141405L-004 6.284314'A436139E-O03
3.50344989238494E-002 7.45644131768735E-002 8.94S99b25454235E-002
5.74394784148735E-002 -1.10606362129191E-002 -8.32881535613962Er-002
-. 125481864557382 -. 120064508309060 -7.19679496071384E-002
-3.59457213114178E-003 5.70780148819543E-002 8.87964205581875E-002
8.44691452417778E-002 5.15940660037613E-002 6.85730712687943E-003
-3.18017360223787E-002 -5.20535645804432E-002 -5,05630857276737E-002
-3.23559256775042E-002 -7.26885042721200E-003 1.45741310113301E-002
2.63994691891793E-002 2.64215269418879E-002 1.73436876261574E-002
4.38783468713455E-003 -7.10772120059540E-003 -1.35689775237856E-002
-1.40038764466985E-002 -9.72365993731303E-003 -3.33190856932846E-003
2.48623312293225E-003 5.90465102652766E-003 6.36842672057483E-003
4.46687408454538E-003 1.44550730598057E-003 -1.38489499581388E-003
-3.11258612595481E-003 -3.43422291666952E-003 -2.60189768768065E-003
-1.19316238736904E-003 1.67627908958156E-004 1.03727376430705E-003
1.25286085709700E-003 9.15473387332386E-004 2.86564641272363E-004
-3.42686667695489E-004 -7.58024277573733E-004 -8.74601036794633E-004
-7.31383572196355E-004 -4.44758223389613E-004 -1.48244336254333E-004
5.72093419695609E-005 1.28399622417473E-004 7.88181535909211E-005
-4.10682906717466E-005 -1.70674346539787E-004 -2.65149577682537E-004
-3.04561214208585E-004 -2.90648806702587E-004 -2.40871529864743E-004
-1.78922213672084E-004 -1.25704399895347E-004 -9.37985761310485E-005
-8.63435174374761E-005 -9.88955480004431E-005 -1.22283473354508E-004
-1.45443228457183E-004 -1.58950926514508E-004 -1.59127788009629E-004
-1.50338460309153E-004 -1.40457626177698E-004 -1.29568410935122E-004
-1.05941034393917E-004 -9.35144899234639E-005 -7.45475467721954E-005
4.71950815358815E-004 2.54228770677183E-003 6.22662776085143E-003
9.66098601708087E-003 1.01414874721488E-002 6.277732832760"'4E-003
-9.05278169870855E-004 -8.53631966598725E-003 -1.34643777973222E-002
-1.37967868755026E-002 -9.65463042458288E-003 -2.92443221398139E-,D03
3.717ý8489576844E-003 7.96889631308235E-003 8.73284508063948E-003
6.34246611993576E-003 2.19481784404365E-003 -1.94947863538670E-003
-4.66935413178174E-003 -5.32398772451678E-003 -4.12148366907896E-003
-1.86842469331284E-003 4.40570625435726E-004 2.01082837235533E-003
2.47945519089527E-003 1.94361050229078E-003 8.21435863901723E-004
-3.66795321252789E-004 -1.20178960803560E-003 -1.48518179448681E-003
-1.25434602070362E-003 -7.12334403280661E-004 -1.17936535613221E-004
3.16357458824037E-004 4.85282246333699E-004 3.99868929222058E-004
1.54475246850195E-004 -1.26372315875142E-004 -3.37990752963346E-004
-4.26034762024539E-004 -3.91997569976660E-004 -2.78266548616755E-004
-1.43144830069879E-004 -3.69718114397421E-005 1.28243673593586>-005
5.00642189898001E-006 -4.19214407176348E-005 -1.01165464698855E-004
-1.48899425077008E-004 -1.71543058813405E-004 -1.67625900343532E-004
-1.45041265844154E-004 -1.15866230010875E-004 -9.11668470429'18E-005
-7.75455582583915E-005 -7.61175122821318E-005 -8.36050544654/95E-005
-9.46222420488954E-005 -1.04064948225721E-004 -1.08764734324236E-004
-1.08031982523774E-004 -1.03204260996270E-004 -9.66343329190498E-005
-9.06241584103258E-005 -8.66730962617657E-005 -8.51948321790042E-005
-8.56656130558596E-005 -8.70494844254843E-005 -8.82920652748281E-005
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r H.3 Graphics Programs

This section contains the programs and subroutines for producing graphics
plots of the data computed by the modeling programs. They are written in the
C language to allow for a greater flexibility in manipulating the data and to
take advantage of the same language interface allowed in the use of the star-
base graphics package subroutines, which are also written in C.

The main program segments for each different program are included under
separate sections, while subroutines common to all the programs are included
in another section.

H.3.1 Graphics for Plane Wave Results

For the plane wave modeling programs, the data generated by each pro-
gram was different enough that a separate graphics program was written for
each modeling program. Subroutines common to all of these programs are
included in Section H1.3.3.

H.3. .1 graph._csect

/*

Procedure : graphcsect

Author : J.C. Biard

Discussion
This procedure draws plots of the data from the program csect.

Invocation

The procedure is run by typing

graph_csect ifile gdev gdriver

where ifile is the data file output by csect, gdev is the
name of the graphics device special file, and gdriver
is the driver name for the graphics device.

External variables : none

Procedures called from this module

axis Draws axes and tic marks for the plot.
character size Sets the size of the characters.
init coor7ds Initializes the plotting surface.
x_labels Draws x axis labels and titles the plot.
Y labels Draws y axis labels to the left of the axis.
Y_labels r Draws y axis labels to the right of the axis.

#include <Stdio.h>
Oinclude <starbase.c.h>
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min(argc, argv)
int argc;
char *argv[];
{

char *xtitle, *ytitle, *title;
int i, n, gfd;
float xl, x2, yl, y2, dum;
float wl, wr, wb, wt, xstep, ystep;
float line[250], *aline, extent[12];
double ka[1251, sigt[125]:;
FILE *fp:;

FILE *fpeno(;

Open the input data file.
*/

fp = fopen(argv[1], "r');
I' *

Read the data from the file into the appropriate arrays until the end
of the file.*/

n = 0;
while (fscanf(fp, "%lg%Ig%*lg%*ig", &ka[n), &sigt[n]) > 0){

n++;

/*

Close the input dita file.
*/

fclose(fp);

/ *

Open the graplics device special file and draw the axes and labels on
the graphics surface.

*/
gfd = gopen (argv[2], OUTDEV, argv[3], RESETDEVICEjINIT);
wl = 0.;

wr 10.;
wb = 0.;

wt = 2.;

xstep = 1.;
ystep = .5;
xtitle ="ka";
ytitle = "q";
title = "SI-WAVE SCATTERING CROSS-SECTION";
init_coords(gfd, wl, wb, wr, wt, .15, .15, .05, .05);
wc to-vdc(gfd, wl, wb, 0., &xl, &yl, &dum);
wc to vdc(gfd, wr, wt, 0., &x2, &y2 , &dum);
cllp _rectangle(gfd, xl, x 2 , yl, y 2 );
text color index(gfd, 5);
line--color-index(gfd, 5);
axis(gfd, 0., 0., xstep, ystep);
line color index(gfd, 6);

11-58



miove 2d(g f cl 2. ,wb)
draw2?1(gTfJ, 2., wt)
move2d(gfd, 4., wb);
draw'rd(g-fd, 4., wt);
rnove2d(gfd, 6., 1.);
draw~d(gfd, 6., wt);
move2d(gFd, 8., 1.);
draw2d (gfkd, 8., wt);
rnove~d(gfLd, 10., wb);
draw2d(gfd, 10., wt);
rnove2d(gfd, wi, .5);
draw2d(gfd, 4., .5);
move2d(gfd, wi, 1.);
draw2d(gfd, wr, 1.);
move2d(gfd, wi, 1.5);
draw2d(gfd, wr, 1.5);
draw'd(gkfd, wi, 2.);
draw2d (gfd, wr, 2.);
line color index(gfd, 5);
character -size(gfd, .05, .5);
inquire text-extent(gfd, "A", WORLD COORDINATE TEXL, extent);
xI -extent[91 extý?nt(3I;
yl extent [10] extent[4];
text_ailignment(gfd, TALEFT, TA BOTTOM, 0., 0.);
X2 = 4. + xi;

y2=1. - 3. * l

test2d(gfd, x2, y2 , "TOfAL REFLECTED ENERGY", WORLDCOORDINAFE TEXT, FALýýr);
y2 -~ yl;
text2d(glfd, x2, v2, "PLANE WAVE SOURCE", WORLDCOORDIN4ATE TES 1, FALSIE);

y2-yl;
charicter -size(gfd, .06, .5);
tex'?d(ZfAl, x2, y2, " a" , WOrLDf P COORDINATE TEXE, FALSEý);
c h ar.wct ,r size(gfd, .05, .5);
x2 += xl;
text 2d(gFd., x2, y2, "=1 METER", WORLD-COORDINATE -TEXT, FAL.SE);
x2 -xl;
y2 - y,

text 2d(Jd j, x2 , y2, "W', WORLDCOORDINATE TEUt, FAL.SE);
x2 += xi;
text aligauient(gfd, TA_-LEFT, TAHALF, 0., 0.);
text.-d(gfd, x2, y2, "s', WORLD CEOORDINATE -TEXT, FALSE);
x2 += xl;
text alignrnent(gfd, TA LEFT, TA BOTTOM, 0., 0.);
t.-xt2d(gfd, x2, y 2 , " = 2,50l0 m/s", WORLDCOORDINATE TEXT, FALSE);
X-labels(gfd, 0., 0., xstep, 0., xst.'p, wi, wr, "i'4. If", xtitle, title);

/* -lablsgf, 0., 0. , ystep, 0., ystep, wb, wt, "%3.I", ytitle);

Draw the cross-section curve.

aline &Iine[O];
* for, (i 0 1 <= a;j-



{
*aline++ kari];

}
line colorindex(gfd, 2);
polyline2d(gfd, line, n, FALqE);

Close the graphics device.*/

gclose(gfd);
}

H.3.1.2 gr-lph-disp a

/*

Procedure graphdispa

Author J.C. Biard

Discussion
This procedure draws plots of the data from the program dispa.

Invocation
The procedure is run by typing

graphdispa ifile gdev gdriver

where ifile is the data file output by dispa, gdev is the
name of the graphics device special file, and gdriver
is the driver :.iime for the gr;phics device.

External Variables : none

Procedures called from this module
axis Draws ixes and tic marks for the plot.
character size Sets the si,.e of the characters.
init coords Initializes the plotting surface.
x labhls Draws x axis labels and titles the plot.
y _ab&ils Draws y axis labels to the left uf the axis.
y_labels r Draws y axis labels to the right of the axis.

*/

#1include <stdlio.h>
#include <starh.3se.c.h>

maln(argc, argv)
int argc;

I.har *argvf];
{

,har *xtitle, *ytitle, title[132], buffer[132], *title2, buffer2[80];

int i. n, gfd, virgin;
float xl, x2, yl, y2, dum, pi, extent[12];
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f 10 ' W I, wr, wb , Wt , ×st1 , - t'p

f loi linte ' 51I], *alin-;
doihlŽ ki[•'1], anp[250], ph 1250];
FILE *fp;

char *stLcpyO;
FiLE *fo n();

pi = 3.141592654;
title2 = "SH-WAVE SCA'[ERING VS. FRFKL,,LNCY";
virgin = 0;

Open the graphics devict, special file and ielect the defatilt p, ns.

gfd gopen(argv[2L, OUTDEIV, argv-3[], RESETDEVICE[INIr);
text_color_index(g;fd, 5);
line col:r index(gfd, 5);1*

Open the data input file.

fp = fopen(argv[l], "r");
1*

Real one line of data at a timn until the end of the file.

while (fscanf(fp, "%[A-Za-zO-9,.+-=-n", buffer) > 0)

If the line is a title line, get the title or plot te accum:az!3ted dat i.
*/

if (buffer[O] == 'S')
{

If the; is the first titlV line, g,<, the title only.

if (virgin 0) r

fscanf(fp, "-n%[(A-Za-zO-9,. + =1-n", title); li,

strcpy(titlc-, buffer);
virgin = 1;

1*
If this is not the first title line, plot the data.

*/

else
{

Get a new graphics surface and draw the axes and labels for the amplitude
part of the plot.

*

clear view surface(g;fd);
wl = d.;
wr = 10.;
wb - 0.;
wt - 2.2001;



ystep -. 2;
xtitle= k;
v title =''A'1['i - ITDE;
init coor&'-(gfd, wi, wb, wr, wt, .15, .15, .18, .05);
wc-to-vdc(gfd, wi, wb, 0., &xl, &yl, ýýdurn);
wc-to-vdc(gfd, wr, wt, 0., &x2, &y2 , &dum);
clip_rectangle(gfd, xl, x2, yl, y2);
axis(gfd, 0., 0., xstep, ystep);
x-labels(gfd, 0., 0., xstep, 0., x.,tep, wi, wr, "%2.0f.",

xtitle, tltle2);
y -labels(gfd, 0., 0., ystep, 0., ystep, wb, wt, "%3.lf", vtirle);
text alignment(gfd, TA LEFT, TA_-BOTTOM, 0., 0.);
char.icter size(gfd, .05, .5);
sscanf(&title[4O], "%f", &xI);
sprintf(buffer2, "PHI =2 .0Of. DEG.", xl * 180. / pi);
inquire text extent(gfd, "A", WýORLD COORI}INATE TEXT, exten1t);
xl = extent[9ý] -extent[3];

yl =extent[10] -extent!
4 ];

x2 = 0. + 2. * xl;
y2= .45;

text2d(gfd, x2, y2 , buffer2, WORLDCOORDINATE TEXT, FALSE);
y2- yl;

character -size(gfd, .06, .5);
textd'd(gfd, x2, y2, "a", WORLD_-COORDINATE-TEXT, FALSE);
character -size(gfd, .05, .5);
x2 += xl;
text2d(gfd, x2, y2 , I METER", WC.RL D COORDINATE TEXT, FALS1E);
x2 -~ x1 ;

y2- yl;

text2d(gfd, x2, y2 , "V", WORLDCOORDITNA." ThXT, FALSE);
x2 += xl;
text alignrnent(gvfd, TA LEFT, TAHALF, 0., 0.);
text2d(gfd, x2, y2 , "s", WORLD-COORDINATE TEXT, FALSE);
X2 += xl;
t.-xt alignrnent(gfd, TA -LEFT, TA_-BOTTOM, 0., 0.);
text2d(gfd, x2, y2, "=2,500 nv's", WORLD COORDINATE TEXT, FAILSE);
y2+= yl;

x2 = 8.;
text-al,*gnment(gfd, TA_-RIGHT, TA -BOIýrOM, 0., 0.);
text2d(gfd, x2, y2, "A,"P. "1, WORLD COORDINATE TEXT, FALSE);
line -color_ index(gfd, 2);
movefd(gfd-, x2, y2 + .5 * yl);
draiw2d(gfd, 9., y2 + .5 * yl);

Y2- yl;

text 2d(gfd, x2 
, y2, "PHASE ", 'WORLD COO)RDINATE TEXT, FALSE);

line color lndx(gfd, 3);
move~d(gfd-, x2 , y 2 + .5 * yl);
draw2d(gfd, 9., y 2 + .5 * y)
line-color-index(gfd, 5);

Draw the ariplitude data ciirve.
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aline =&lineP)];

for (U = 0 ; <- n ;j~

line-color-index(gfcl, 2);

polylinie2d(gfd, line, n, FALSý2;

Draw axes and labels for the phia'e part of the pI t.

line color index(gtd, 5);
W1 0.;
wr = 10.;1
wb = -180.;
wt = 180.;
xstep =0.;
ystep =45.;
xtitle ="ka";

ytitle = "PHASE";

init-coords(gfd, wi, wb, wr, wt, .15, .15, .18, .05);

wc_to-vdc(gfd, wi, wb, 0., &,xl, &yl, &dum);

wc-to-vdc(gfd, wr, wt, 0., &x2, &y2, &dum);

clipý_rectangle(gfd, xl, x2, yl, y2 );

axis(gfd, wr - .00001, -180., xsteŽp, ystep);

y_labels_r(gfd, wr, 0., ystep, 0., ystep, wb, wt, "50.,ytitie);

Draw the pha~e data cu~rve.

aline &lmne[0];
for (1. 0 ;i<= n ;i+0)

*al ine++;

*aline+Iý 180. *phacis l pi;

line color index(gfd, 3);

polyline2d(gfd, line, n, FALSE);

line-color-index(gfd, 5);

Read the, next line of input.

fs a f f,*1[ -a zO 9 . + 1i" i l )

strcpy(title, buffer);

n = 0;

Store the data from the current line into the appropriate arrays.

e I se

sscdri I(buffer, "%*d %11.1, % i.g, % "I*g", &ki[n], &ampln], &phasŽ[nl);
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Get a new graphics surface .-nd draýw labels and ax~es fý-r the 'Iast pI at.

clear view surface(gfd);
wi = 0. ;

% = 10.;
wb =0. ;
wt =2.2001;

Xstep = 1. ;
ystep = .2;
xtitle = k;
vti tI p = "Am~pi 'rllpn''

init coords(gf , wi, wb, wr, wt, .15, .15, .18, .05);

wc~o vd~gdwl, wb, 0., ýxl, &y], &durn);

clip rectangle(gfd, xl, x2, yl, y2);
-ixis~gfd, 0., 0., xstep, ystep);
x laibels(gfd, 0., 0., xstep, 0., x.step, wý, wr, "Z2.0f.", xtitle, Lit!>2);
y-labels(gfd, 0., 0., 'estep, 0., ystep, wi,, wt, "%3.lf", vtitle);
text alignment(gfd, TA LEFT, TA BOTrOM, 0., 0.);
character size(gfd, .075, .5);
sscanf(&title[40], "%f", &xl);
sprintf(buffer2, "PHI = %.2.0f. DEG.", xl * 180. / pi);
inquire text extent(gfd, "A", WORLDCOORDINATE TEXT, extent);
xl = ex-tent[9] - extent[3];

yl =extent[0I - extent[4];
x2 =0. + 2. * xl;
y2= .45;

text4'd(gfd, x2, Y2, buffer2, WORLD COORDINATE TEXT, FALSE);
Y2- yl;

c-haracter size(gfd, .06, .5);
text2d(gfd, x2, y2 , "a", ',IJRLD -COORDINATE-TEXT, FALSE);
character size(gfd, .05, .5);
x2 += xl;
text2d(gfd, x2, y2, 1 METER", WORLD-CiOORDINATE TEXT, FALSE);
x2 -~ xl;

y2 -= yl;

text21l(gfd, x2, y2, "V", WORLDCOODRDINATE _TEXT, FALSE);
x2 += xl;
text alignrnent(gfd, TALEFT, IAHALF, 0., 0.);
tcxtfd (gfd, x2, y2, "s7, 'WORLDCýOORDINATE -TEXT, FALSE);
x2 += xl;
text alignrnent~gfd, TA_-LEFT, TA -BOTrOM, 0., 0.);
texf2d(gfd, x2, y2, "2,500 m,'s", WORLDCOORDIN;ATE TEXT, FALSE);

y2 -= yl;

x2 =8.;
text -alignrnont(gfd, TARIGHT, TA BOTrOM. 0., 0.);
te~xt2d(gfd, x2, y2, "AMP. ", WORL.DCOORDINATE -TFXT, FALSE);
line color indcx-ýgfd, 2);
rnve2d(gfd, x2 , y2 + .5 * yl);
-!raw2d~gfd, 9., y2 + .5 * yl);

y2- yl;

t#ext2d(gfd, x2, y2, "PHASE ", WORLD-COORDINATE -TEXT, FALSE);
line color index(gfd, 3);
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move2d(gfd, x2, y-1 + .5 * yl;
draw2d(g[fd, 9., y2 + .5 * yl);
line-color_ indi-x(.1;d, 5);

Draw the amplitudo dara curve.

aline =&line[0];

for (i 0 ;i <= ni ; 14i-)

f
*aline+F. kari];
*aline++ anmpij;

line -color-index(gfd, 2);
polyline2d(gfd, line, n, FALSE);

Draw the axes and labels for the phase data.

line -color-index(gfd, 5);
W1l 0.;
wr = 10.;
wb = -180.;
wt = 180.;

xstep = 0.;
ystep = 45.;
xtitle= k"
ytitle ="PHASE";
init coords(gfd, wl, wb, wr, wt, .15, .15, .18, .05);
wc~tovdc(gfd, wl, wb, 0., &xl, &yl, &duin);
wc-to -vdc(gfd, wr, wt, 0., &x2 , &y2 , &dum);
clip-rectanjle(_gfd, xl, x2, yl, y2 );
axis(gfd, wr - .00001, -180., xstep, ystep);

/*y-labels_r(gfd, wr, 0., ystep, 0., vstep, wb, wt, "'~5.0f.", ytitle-);

Draw the phase data ctirve.

aline &line[O];
for (1 0 ;i <=n i+s+)

*aline++ 180. *phase~i] / pi;

line -color index(gfd, 3);
PolylintŽ2d(gfd, line, n, FALSE);

/*line-color-index(gfd, 5);

Close the input file and the graphics devicp..

f close (fp);
gclose(gfd);
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H.3. 1.3 aph-di b

/*

Procedure graph dispb

Author J.C. Biard

Discussion
This procedure draws plots of the data from the program dispb.

Invocation
The procedure is run by typing

gv:aiph dispb ifile gdev gdri-er

w!,ere ifile is the data file output by dispb, gdev is the
name of the graphics device special file, and gdriver
is the driver name for the graphics device.

External V.riables : none

Procedures called from this module
axis Draws axes and tic marks for the plot.
character size Sets the size of the characters.
init coords Initializes the plotting surface.
x labels Draws x axis labels and titles the plot.
y-labels Draws y axis labels to the left of the axis.
y_labelsr Draws y axis labels to the right of the axis.

*/

#include <stdio.h>
#include <starbase.c.h>

main(argc, argv)
int argc;
char *argv[];
{

char *xtitle, *ytitle, title[a32], buffer[132], buffer2[132];
int i, n, gfd, virgin, ncurve;
float xl, x2, yl, y 2 , dum;
float wl, wr, wb, wt, xstep, ystep;
float liner500I, *aline;
double ra[250], amp[230], phaue[250];
FILE *fp;

char *strcpy(), *strcat(;
FILE *fopen(;

virgin = 0;
/*

Open the graphics device and the input file.
*/

gfd = gopen(argv[21, OUTDEV, argv[3], RFSETDEVICEIINIT);
fp fopen(argv[1], "ri );
ncurve = 0;
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Rcai1 a I i 7ita f roii the i aju f Ei 1e unti[ L the end of thI e f[Ile

whLIle (f s -,iuF( "7 (A -Za -zO--9, t-n" , bUf [er ) > 0)

If a title line is road "-heu eit~her gTet the title oL plot ditai.

if (buffeir(O] =='D')

If this is the first tit"le line, get Cthe title.

if (virgin == 0)

fscanf(fp, "-.n`[A-Za-zO-9,. +-= ]-n", buffer2);
sscanf(buffer, "%,%2cctitle,bufr;
sprtntf(title, "%.s, %26c", title, buffer2);
virgin 1;I

If this is no, the first title line, plot the data.

el se

n cur ve +

St-irt a new plot for every third curve.

if (ncurve 3 == 2)

Get, : n,,,; pageo a d dr v'. labelIs andaxi

dc wsu rfa f d)
l ine typc (gfdi, SOLID);
wi 0.
wr =50.
wb =0.
wt =2.2;
xstep =5.
ystep =2
xtitle "r/a";
!-itip "Amplitude";
init coords(gfd, wi, wb, wr, wt, .15, .15, .05, .05);
wc -to -vdc(gfd, wl, wb, 0., Sxt, &yl, &dumn);
wc to-vd:-(gfd, wr, wt, 0., &x2, &y2, &dum);
clip_ recrm,,le(gfd, x1, x2, yl, y2);
a-:<i-(g-fd, 0., 0., xstlep, ystep);

:'lab'15C'fd ., 0~.--, yf 0., ystep, wb, Wt, "3f',ytitle);



I'*

Seilect the line stylc appropriate for each curve nu:cber in the plot.

switch (ncurve % 3)
{

case 0:
linetype(gfd, DASHDOTDOT);
break;

case 1:

linetypg•(gfd, SOLID);

break;

case 2:
line_type(gfd, DASHDOT);

break;

/*
Draw the curve.

aline = &line[O];

for (i = 0 ; i <= n ; i++)
{

*aline++ ra[i];
*aline±+ = amp[i];

}
polyline2d(gfd, line, n, FALSE);

/'*

Read the next line.*/

fscanf(fp, "-n%[A-Za-zO-9,. +-=]-n", buffer2);
/*

If the next set of data will start a new plot, get the title.

if (ncurve % 3 == 0)
{

sscanf(buffer, "o[,]'[ *26c'26c", title, buffer2);
sprntf ti le,'16c", title, buffer2);

I

n 0;

/*
Store the input data in the ap,:opriate locations.

*/

else

sscanf(l-iffer, "%*d %Ig %*Ig %lg %*lg", &ra[n], &amp[n]);

14 1-;
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/*

Draw the last line ii the file.
*/

line type(gfd, DASH DOT DOT);
aline =&line[0];

for (i 0 ; i<= n ; i+)
{

*aline4. = ra[i];

*aline++ =amp[i];

}
polyline2d(gfd, line, n, FALSE);

/ *

Close the graphics device and the input file.

fclose(fp);
gclose(gfd);

H.3.1.4 graphdip•jd

Procedure graphdispcd

Author J.C. Biard

Discussion
This procedure draws plots of the data from the program dispcd.

InvocAtion
The procedure is run by typing

graph dispcd ifile gdev gdriver

where ifile is the data file output by dispcd, gdev is the
n.m-e of the graphics device special file, and gdriver

is the driver name for the graphics device.

Exý,t:iual Variables : none

Procedures called from this module

axis Draws axes and tic marks for the plot.

character size Sets the size of the characters.

init coords Initializes the plotting surface.

x labels Draws x axis labels and titles the plot.

y labels Draws y axis labels to the left of the axis.

y-labels-r Draws y axis labels to the right of the axis.



0 'include <st~irb-so .c.h>

nmain(argc, argv)
int argc;.
char *argv[];

char *xtitle, *ytitle, title[1323, buffer[132], buffer2[1321, *tiule2;
mnt 1, n, gfd, virgin, ncurve;
float xl, x2, yl, y2 , dun, extent[12J;
float wI, wr, wb, wt, xstep, ystep, r, psi, pi;
float line[500], *aline;
double phif25O], amp[250], phase[250];
FILE *fp;

char *strcpyo, *strcato;
double sino, cos();
FILE *fopeno;

pi = 3. 141592654;
virgin =0;

Open the graphics device.

gfd =gopen(argv[21, OUTDEV, argv[3), RESET DEVICEIINIT);

Set the pens to use for lines and text.

text color index(gfd, 5);
line-color-indpx(gfd, 5);

Open the inp it file.

fp =fopen(argv[1I, "Ir")

ncurve = 0;

Read an input file line until the end of the file.

while (fscanf(fp, "%[A-Za-zO-9,. +-=-fln", buffer) > 0)

If a title liýne is seen get the title or plot the accimulated d.i'a.

if (buffer[O] =ý'.f' 11 buiffer[O] = 'D')

If this is the lirst title line, then ýet the title.

if (virgin ==0)

fskcanf(fp, "-n%fA-Za-zO--9,. +---'f]'n", buffer2);
strcpy(ti tle , buffer);
vi rvin = 1;
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If this is not the first title line, thenr plot th,, data.

else
(

/*

Plot three sets of data on a page.
*/

ncurve++;
if (ncurve % 3 == 1)
(

If this is to start a new plot, then get a new surface and draw axes

and labels.

clear view surface(gfd);
w1 = -2.;

wr =2.;
wb = 0.;

wt = 2.;

xstep = .5;
ystep = 0.;

xtitle = "AMPLITUDE (REL.)";

ytitle = " "I
title2 = "TOTAL SH-WAVE POLAR AMPLITUDE SCATTERING";

init coords(gfd, wl, wb, wr, wt, .15, .15, .15, .05);
wc to vdc(gfd, wl, wb, 0., &xl, &yl, &dum);

wc to vdc(gfd, wr, wt, 0., &x2, &y2, &dum);

cliprectangle(gfd, xl, x 2 , yl, y2);
axls(gfd, -3., 0., xstep, ystep);
x labels(gfd, 0., 0., xstep, 0., xstep, wl, wr, `10.1f"

xt[tle, title2);
clipindicator(gfd, CLIPTO VUC);

/*

Draw curved dotted line of radius .2.

line color index(gfd, 6);
r = .2;
move2d(gfd, r, 0.);
for (psi = 0. ; psi <= 2. * pi + .001 ; psi += pL / 90.)
(

xl = r * cos(psi);
yl = r * sin(psi);

draw2d(gfd, xl, yl);
}

/,

Draw curved dotted lines of radius 1. and 2.
*/

for (r = 1. ; r <= 2. ; r+4 )

movc2d(gfd, r, 0.);
for (psi = 0. ; psi <= pi + .001 ; psi += pi / 300.)
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axis(gfd, 0., 0., xstep, ystep);
line-color-index(gfd, 6);

x1l r * cos(psi);
yl =r * sin(psi);

draw~d(gfd, xl, yl);

Draw radial lines and angle labels at eveiy 15 degrees around the

radius 2. circle.

r = 2.;
character-size(gfd, .035, .5);
inquire_text extent(gfd, "A", WORLDCOORDINATE TEXT,
x2 = extent[!9] extent[3l;
for (psi =0. ;psi <ý- pi + .0001 ; psi += pi 6.)

xl = r o s(psi);
yl = r * sIn(psi);
move2d(gfd, 0., 0.);
draw2d(gfd, xl, yl);
sprintf(biiffer2, "%1.Of", psi * 180. / pi);

if (psi < pi / 2. - .1)

text -alignment(gfd, TALEFT, TA BOTTOM, 0., 0.);
xl += .5 *x2
text2d(gfd, xl, yl, buffer2, WORLD-COORDINATE TEXT, FALSE);

else if (psi - pi / 2. < .01)

text aflgnrnent(gfd, TACENTER, TA BOTTOM, 0., 0.);
textfd(gfd, xl, yl, buffer2, WORL-D COO'RDINATE TEXT, AE)

else

text -allgnment(gfd, TARIGHT, TABOTTOM, 0., 0.);

xl -= .5 * x2;
t,-xt'4d(gfd, xl, yl, buffer2, WORLD-COORDINATE TEXT, F.AA-E);

Draw graph lpgends.

line color lndox(gfd, 5);

text aligiv.Tenr(gfd, TALEFT, TAB( iTOM, 0., 0.);
character size(gfd, .05, .5);
sscaif (&title [W] ,"t, &xl );

inquire -text _exttent(gvfd, "A", WORLD COuRDINATE rEXT, extent);
X1 = extent [9] extont[31;
y1l extent[I0] -extPenK4];

x2= wl;
y2=wt + 4. * l

character size(gfd, .'06, .5);
text2d(gfd, x2 , y2, "r/a", WORLDCOORDINATE TEXT, FALSE-);
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ch~iracter size(gfd, .0)5, .5);

x 2 += 3. *i xl ;
texzt2d(, fd, x2, y2 , buffer2, W'½:,Li C('-RD :A' T.,XI' F, S)

x2- 3. * xl;
y2- 1
charactvýr s i zt.(gf,', .06, .5);
text2d(gfd, x2, y2, " a ", WO F)DC (D 0RDI'ýA T ET E XIt, F A' -);
character -size(gfd, .05, .5);
x2 += xl;
text ?o gfd , x2 , y2, I % I MU-r" , WO R1.DC 0COR D I ',A TEf, FA§E

x2- xl ;

y2- yl;
text2d(gfd, x2, y2, "V', WOHELDCOORDINýAIE TEXT, FALSE);
x2 += xl;
text_alignmeit.(gfd, TA_71LEFT, TAHALF, 0., 0.);
text2d(gfd, x2, y 2 , "s , WORLDCýOORDINATE TEXT, FALSE);
x2 += xl;
text alignoetit(gfd, TA LEFT, TA 301 TOM, 0. , 0.)
text2d(gfd , x2 , Y2, " 2, 500 m",WORLD COORD UMATh- Th.M: ,ALS!)

Y2= wt + 4. * yl;
x2 = 1.5;
text allgnrient(gfd, TA RIGH{T, TA BOTTOM, 0., 0.);
text2d(gtd, x2, y2, "ka = .5", WORLD COOF,-INATE -TE'Xt, FALýSE);
line ;Tcolorindex(gfJ, 2);
mnove-d(gfd, x2 + .5 * xl, v2 + .5 * yl);
draw2d(gfd, 2., y2 + .5 *yl);

y2 -= yl;
text2d(gfd, x2, y 2 , "ki 1.0", WORLDCOORDINATE TEXI , FAL SE);
line ';color-index(gjfd, 3);

wove-d(g-fd, x2 + .5 * xl, y2 + .5 * yl);
draw2d(gfd, 2., y2 + .5 *yl);

y2- yl;

texL2d(gfd, x2, y2, "ka 2.0", '~OL uR NT ETFAI~
line color-in,4ex(gfd, 4);
mo%.2d(gfd, x2 + .5 * xk, y2 + .5 *yl);

draw?d(jfd, 2., y2 + .5 * yl);
clip indioator(gfd, CLfP TO RLCEF);
line color index(gjfd, 5);

Se lee' the prope2r pen color for the curcrent curve to plot.

switch (ncurve % 3)

case 0:
line Icolor_lnde-x(.,fd, 4);
breaký;

case 1I:
line color-lndex(gfd, 2);
b re ak;

cai ( 2:
liIn ýcolo,-r lndex(,fd , 3);
break;



Draw the curvc

aline lnO]
for (i 0 ; =n ;i++)

*31 Il ++= jnp[i] cos (phi [t]
*aline++= amp[i] sin (phi[ i]

polyline2d(gfd, line, n, F'ýLSE);

line-color-index(gfd, 5);

Read the ne•xt input line.

fseanf(fp, "-n [A-Za--z0-9,. A----fj'.n", bijffer2);

If the ne~xt curve will start a ne.' graph, save the title line.

if (ncurv- % 3 ==0)

strcpy(title, buffer);

n 0;

Store the input data in the proper arrays.

else

-scn~ufr Y"/kd !'lg *1g %.*lg", i&phitn], &amplnfl;

Plot the last cuirve in the file.

l ine -color indtx(gfd, 4);
aline =&line(0];

for (i 0 ;i <= n ;~~

*aline++ ainptil *cos(phinil);

*alinie++ =am~p[iI ilh i)

polyl ine2d~gfd, 1 The, n, FALEý);

ClOse the inoput file ;nd the graiphics device.

f-l ose( fp);
,,riose(gfdj);
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H. 3. 1. 5 E'r~aph-d-is-p

Procedure graph_dispe

Author J.C. Biar,1

Discussion
Thi4 procedure draws plots of the data from the program dlpe..

Invocation
The procedure is run by typing

graphdispe ifile gdev gdtiver

where ifile is the data file output by dispe, gdev is the
name of the graphics device special file, and gdriver
is the driver name for the graphics device.

External Variables : none

Procedures called from this module
axis Draws axes and tic marks for the plot.
character size Sets the size of the characters.
init coords Initializes tle plotting surface.
x_labels Draws x axis labels and titles the plot.
y_labels Draws y axis labels to the left of the axis.
y_labels r Draws y axis labels to the right of the axis.

#inciude <stdio.h)
Oinclude <stlrbase.c.h>

ma in '(rgc ar ,v)
int argoc;
char *a.v1
{

char *, itle, *ytitle, title[132], buffer[1321;
int i, n, gfd, virgin;
flo;i.' xl, x2, yl, y2, dum;
float wl, wr, wb, wt, xstep, ystep;
float line[500], *aline;
double x[250], amp[250], phase[2501;
FILE *fp;

char *strcpy(;
FILE *fopen();

virgin = 0;

J7
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Open the graphics dev ce.
*/

gfd =gupen(argv[2], OUTDEV, argv[31, RESET_0EViCEJINIT);
/*

Open the input file for reading.*/

fp = fopen(argv[1j, "r");
1*

Read the ;ile until the end and load the appropriate values.

while (fscanf(fp, "%[A-Za z0-9,. +-]-n", buffer) > 0)
{

1*

If a title line is found, then get the title or plot the data.*/

it (buffer[0] == 'D')
{

1*

If this is the first pass, get tl./ title.
*/

if (virgin == 0)
{

fscanf(fp, "-n%[A-Za-z0-9,. +-=]-n", title);
strcpy(title, buffer);
virgin = 1;

I

If this is not the first pass, prepare to plot the data.*/

else
{

/ *

Get a iew screen and draw the axes omd labPls.
*/

clear view surface(gfd);
wi = -50.;

wr = 50.;

wb = 0.;
wt = 2.2;
xstep = 10.;
ystep = .2;

xtitle = "x (metet)""

ytitle = "Amplitud.Ž";
init coords(gfd, wl, wb, wr, wt, .15, .15, .05, .05);
wc _to-vdc(gfd, wil, wb, 0., Sxl, &yl, Udum);

wi- tovdc(gfd, wr, wt, 0., &x2, &y2 , &dun);
clip rectangle(gfd, xl, x2, yl, y2);
axis(gfd, wi, 0., xst, p, ystep);

x labels(gfd, wl, 0., xstep, wl, xstep, wl, wr, "%2.0f.", xtitle,

title);

-labols~ fd, wl, 0., ystep, 0., ysttep, wb, wt, ,'• , ytitle),

t,



Draw the a'.plicutlo d ita arl-indl1-1t-I

aline =&i~[I

for (i 0 ;i <= ;ji)

*aljne+f =~]
*alinle++ amp~i];

polyline2d(gfd, line, n, FALSE);

Get ai new screen and! draw the axe-; and lIbel

clear view -surface(gfd);,
wl -750.;

wr =50.;
wb =-10.;
wt =10.;

xstep, = 10.;
ystep =2.;

ytitle = "phase (radians)";

init coords(gfd, wi, wb, wr, wt, .15, .15, .05, .05);

wc to vdc(gfd, wi, wb, 0., &xl, &yl, &dum);

wc_to-vdc(gtd, wr, wt, 0., &x2 , &y2, &dum);

clip rectangle(gfd, xl, X9, yl-.OOI., yI);

axis(gfd, wi, wb, xstep, ystep);

x-labels(gfd, wi, wb, xstep, w1, Kstep, wi , wr, "~.O.,xtitle,

title);

Driw' the phase d~ita accumulated.

aline &Iine(O];
for (i =0 ; i <= n ; 0in-)

*ali ne++;
*aline++± phasseti];

polyline.2d(gfr!, line, n, FALSE);

fscanf(fp, "-n',[A-Za--zO-
9 ,. +-=I-n", title);

strcpy(title, buffer);

n =0;

I f there is not a title, then read the data.

else

sCan1)f b iif f er ''* lg '~g l. *g'' &x nJ &am 1) 11 & p h. [ni;

n+'I



Get a new screen and draw the -ix2s, ind 1.-ibols.

clear view surface(gfd);
wi -50.;
wr = 50.;
wb = 0.;
wt = 2.2;

xstep =10.;
ystep = .2;
ytitle = "Amplitude";
init-coords(gfd, wi, wb, wr, wt, .15, .15, .05, .05);
wc to-vdc(gfd, wi, wb, 0., &xl, &yl, &dum);
wc~tovdc(gfd, wr, wt, 0., &x2, &y2, &dum);
clip-rectangle(gfd, xl, x2, y], y2);
axis(gfd, wi, 0., xstep, ystep);
x-labels(gfd, wl, 0., xstep, wi, xstep, wl, wr, "%2.0f.", xtitle, titrle);
y_labels(gfd, wl, 0., ystop, 0., ystep, wb, wt, "%3.lf", ytiti~e);

Draw the amplitude data accumulated.

aline = line[0];
for (i =0 ;i <= n ; i++)

*aline++ arnp[iI;

polyline2d(gfd, line, n, FALSE);

Get a new screen and draw the axes and labels.

clear -view surfaceQgf);
wl =-50.;
wr = 50.;
wb = -10.;
wt =10.;
xstep = 10.;
ystep = 2.;
ytitle = "phase (radians)";
init-coords(gfd, wl, wb, wr, wt, .15, .15, .05, .05);
4c~to-vdc(gfd, wl, wb, 0., &xl, &yl, &dum);
wc~tovdc(gfd, wr, wt, 0., &x2, &y2 , &dum);
cl~ip rectangle(gfd, xl, x2, yl-.O0l, y2);
3xis(gfd, wl, wb, xstep, ystep);
x labels(gfd, wi, wb, xstep, wi, xstep, wi, wr, "%2.0f.", xtitle, title);

Draw the ampl itude data ;iccuinula:ted.

aline =&line[0];

for (i 0 ; i <= n ; i++)

*a ne++;
*alic~+ phaseti];
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polvi> 2dQ-fl!, line, n, FALS;E);

Close t0e in,• i file and the graphics device.

fclos' ( fp )
gclose (gfd);

H. 3.2 Grapjhics for Line Source Results

The prog ran for graphing the line source results is more complica -:d
-ina', the progra s for graphing the plane wave results in that there ae - ,re
pnr-.neters to consider for one graph. The progran vuseis thus has an inpk"vr-
parar7et-r file that can be used, if desired. An example of this file is pre-
sentt in Section H.3.2.3 below.

':Ie progran:i vuseis is also written to read the mo,'eling output dat? in-.
b i nrv rathet-r than ascii, form. This was done because the output files from ("1
syn-Is i ere quite large and were compacted by conversion to binary. Al lowni y
vu so to real the binary files saved time and effort. The program that per-
forns the conversion is called compact, and is included in Section H.3.2.2
be~ ccw.

H.3.2.1 vuseis.

Procedure narne vuseis

Author J.C. Biard:

Dis cussion
This progran produces a syný,tht ic S, rmria, plot

from the data file created by the progran synso s . Information 1i
is read in from an input file that specifies the plot limits and
the scale factor to use when plotting the waveforms;.

The seismogrim is a distance vs. tim., plot in which a nunber :e
of wavo_ formis are plotted on the same pare. These waveformos
represent the signal recieved at a number of different detectors,
which from a linear array. Each waveform is drawn parallel to

the time axis, with the zero amplitude level corresponding to
the distance of the detection point from the origin. The
magnitude of the waveforms on the plot is arbitrary. Only
relative sizes of signals and positional information are intended
to be obtained from one of these plots. By setting the proper
variables in the input file, it is possible to cause the signals
above a threshold level to be blacked in, thus aiding in the
interpretation of the data.

The input file contains three sets of information. The ftrst
set specifies the magnification scale f,.,mtor for the waveforms
in the plot and sets the threshold for th,. peak blacking if desired.

The second set specifies the x di,n,,ision limits in meters. The

third set sp.cifies the time axis limits for the waveforms. If

H-i7')
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no input file is included, tIt,,n d!,ofault limits for t".-n> values
are used.

The command line arguments include a single charact .-r argu;,nt
that specifies if only the "i"ncident, "s"cattered, or "b"oth
incident and scattered waveforms are to be plotted in the seis-
mogram. There is also an optional argument specifying an alternate
graphics device for the plot.

Invocation : The program is invoked by the command

vuseis ibis] [infile] [gdevice] [gdriver] < datafile

where the irgunents are: (bracketed items optional)

b Plot both incident and scattered waveforms.
i Pl)t only i cident waveforms.
s Plot only scattered waveforms.
infle Input data file for vuseis.
gdevice Device special file for the graphics device.
gdriver Name of the starbase graphics driver for gdevice.
datafile Output file from synseis.

The input data file has the form:

100., 0. # Scale, blacking threshold (<0 left,>0-right,0-:kne)
0., 0. # left x limit, right x limit.
0., 120. # starting time limit, stopping time limit.

With no arguments but the indirection of the synseis datafile,

the program will plot all the waveforms in the file, both incident
and scattered, from the leftmost x limit to the rightmost, from
zero time to the maximum time found, with a unity scale factor and
no peak blacking. The graphics output will, by default, go to
the terminal from which the program was invokod, which Is assumed
to be compatible with an HP 26xx class graphics terminal.

Proccdres culled from this module :

axis Draws a pair of x- and y--xes with optional tick mrks.
init coords Sets up the graphics window and character sizes.
x labels Draws the labels on the x-axis and the plot head.
y-labels Draws the labels on the y-axis.

Starbase graphi,-s procedures called f;om this module
(These program codes are not the property of SWRI and cainnot be

published in this report.)

clear view surface Clears the croen or ejects the page.
clip rect ingle Sets the softtcare clip range.
gclose Empties buffers and rleses the g;ruphics device.
,open Opens md initializes the oraphics dievice.
interior ,tyle Specifies the fill attribu•tes for polygons.
linme color 1ndex Specifies which pen to use in plotting.
partial__polygon2d Builds a set of incomplete polygon edges.
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P, lyg'w'd Jr.~ o lc [1 0yo or -Se o o'r f rrmit

polIylI ino2d Draws a I ine thruilgh a nu.rof points.
text color indlex Specifies the. pen to uise when dr-w,'Ing text *

wc to Vd~c Converts a position from the .;orld coorl~inat-
System- to the vir-unal devi,-e coorýn inae
S yste i

r: .ia I At ~nts

Input
"ar c The numbe r o ' cormý- ndl line arg ument s + 1
"arg Tb., array of conmdline agmns

argv (0 The name of the procedure being exec:uted.
a rgv 1] (Opt-.) Indicat-s the type of waveform to plot .
argv 2] (Opt .) The input data f ilenaie .
argv[31 (Opt .) The gr iphicsý dev ice sp~ec ia! f ilea
a rg '4 1 (Opt.) The graphics driver.

Out put
none

-V.-ua~variables

* nr stdio.h>
<math.h
<starbise,.c.h>

a, rgv)

n t ,n, g f d j k k, x flIag , t fla g, ,wf I a g i n r1)11f 3 ;
tn nx~ np n nref I
f o Xl, x'' vI , V'2 durn, pi, extent (112]
fo w wr 1. wb wtX st op , ystep;

fr .,th.h xscale, xlolirn, xhfimi, tiolim, thilim;
f l~n 1163 1, ~inec

dtwý' h, cl , rhul , c2, rho'-), wO, alpha, d", dt, a, xc, Vc, X", ys, X0, Y0;
odQ,le' fi , wi , q2, w2, dx;

dou uIiIe t.li, tdls, xd, inc[4096] , scat[4096j, *ap;

cha r *ge t>;

pi 3. '1Y 1 r~~

Set ti. p')ot t i. a ~'5*'olu to Cthe input ar"gumn:t-;.



switch (argc)
{

/' *

If no graph option, input parameter fi'e or driver information is
given at run time, set to plot all and open the terminal as the
graphics device.

*/

case 1:
wflag = 2;
scale = 1.;
thresh = 0.;
xlolim = xhilim = 0.;

tlolim = thilim = 0.;

gfd = gopen("/dev/tty", OUTDEV, "hpterm", INIT);
break;

case 2:/*

If only the graph option is given at run time, select the graph to
plot, give the maximum ranges, and open the terminal as the g,•hios
device.

*/

switch(argv[1 1 [0])

case 'i ':
wflag = 0;
break;

case 's':
wflag = 1;
break;

c se 'b':
wflag = 2;
broeak;

default:
exit (-1);

)
scale = 1.;
thresh = 0.;
xlolim = xhilim = 0.;
tlolim = thilim = 0.;
gfd = g( •on("/dev/tty", OUTDEV, "h"term", INIT);
break;

.'ase 3:/*
If the graph optio.n and input para-,,nter files are given, set
the ;ippropriate values and flags and open the terminal as the
gr-aphics device.

sWi t ch(argv [i ][01 )
{

case
w" lag 0;

ir oak
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wflIaj, 1;

case b
uf lna, 2;
bred",

de Fault:
e x it (-)

Read the plotting paramc'ers from the paramrýkter file.

fpi fonen(argv[2], "r");
fsafrp ,"0,f*n~,f~[n~f%"

&s;cale, &thresh, &xlolim, &xhllim, &tlolirn, &thilim);
fclose(fpi);
gfd =gopen("/dev/tty", OUTDEV, "hpterm", INIT);
b re-ak;

case, 5:

If the graphics option, parameter file, and graphics device information
is all supplied at run time, set the appropriate flags and valuesi and
opea the specified graphics device.

swirch(argv[l1][0])

case ''
wflag 0;
break;

case 's ':
wflag 1;
bre!ak;

case W
wf lag 2;
brca`;

de fau I t

Rýa, t 1t pIo t t ing pa r irnet ers f rom the pairamt e r f iIe.

fpi =fopen(argv[21, "r");

&scale, &thresh, &xlolim, &xhilirn, &tlolim, &thi.lim);
fc ci Se (fp i); 4

Open the graphics de~vice.

gfd = gopen(argýv[j31, OUTDEV, argv[ 4 1, INIT');
b rQi



If Lhe default limits ai e taken sct xflag FALSE, else TRUE.*/

if (xlolim != 0. xhilim != 0.)

xflag = TRUE;

, else

Sxflag FALSE;
}

If the default values are not taken set tflag TRUE, else FALSE.*1
if (tlolim != 0. thilim ! 0.)
{

tflag = TRUE;
I
else
{

tflag = FALSE;

I*

Read in the first 12 bytes of the input file.
Store the values obtained in the appropriate variables.

point = (char *)intbuf;
fread(point, sizeof(nx), 3, stdin);
nx = intbuf[O];

np = intbuf[l];
nrefl = intbuf[2];

Read in the next 168 bytes of the input file.
Store the values obtained in the appropriate variables.

poinit = (char *)inc;
fread(point, sizeof~h), 21, stdin);

-h inc[O];
cl inc (1];
rhol = inc 21;
c2 = inc[31;

rho2 = inc[4];

wO = inc[5];
alpha = inc[6];
df = inc[7];

dt = inc[8];
a = inc[91;
xc = incliO];
yc = inc[11];
xs = inc[12];
ys = inc[13];
xO = incl4];
yO inc[15];
ql inc[16];

& 
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w inc. [!];
q2 inc[L8];

W2 in[1 19]
dx inc(r901;

Clear the -i,,w surface aý,d set the dtefault pens;.

clear -vit:4surface(gfd);
text color inde-x(gfd, 5);
line color index(gfd, 1);

Set the wid. ints in the x (horizontal) and t (ver-tical) dimenisions.

if (xflag TRCE)

i = (int)(xlol)im /dx);
j= (int)(xhilirn dx);

wi (float)i * dx;
wr- (float)i * dx;

xsc-ilo = (wr - wi) /(2. *(float)(j -i));

elsI

wl = xO;
wr = xO + (float)(nx-l) *dx;

xscaile =(wr - wi) /(2. *(float)(nx M );

w! -~ xscale;
wr += xscale;
if (tf lag == TRLH)

wb -thihimn;
Wt -tloh~m;-

w* (sqrt(4. *yc-.yc + (wr-~wl)*(wr--wl)) /c2 + (doiible)n, *t)

S.:. Ct-L t[,: mark step size in x anid

if ((xstep (float)((int)((wr - wi) /10.))) -- 0.)

xstep =(float)((int)((wr - wi) * 10.)) / 100.;

if ((Ystep =(floit )((int )((wt - wb) / 10.))) =ý- 0.)

ystep =(floit)M(nt)((wt - wb) * 10.)) / 100.;

Set the titlei , minitiizoe the World Coordinatte System window,

an'I driw the ax-,; anid labels.



xtitle = "DISTANCE (m)";
ytitle = 'Tl'E (r.mSec)";

title2 = "SH-QAVE SY.THETIC SEISMO';RA.M ";
tnit coords(gfd, wl, wb, wr, wt, .15, .15, .18, .05);

wc to vdc(gfd, wl, wb, 0., &xl, &yl, &dum);

wc to vdc(gfd, wr, wt, 0., &x2, &y2 , &dum);

clip rectangle(gfd, xl, x2, yl, y 2 );
axis(gfd, (xO - xstep), wt, xstep, 0.);

axis(gfd, wl, wt, 0., ystep);

axis(gfd, (xO -xstep), wb+.00001, xstep, 0.);

xl = (wr + wl) / 2.;
x labels(gfd, xl, wb, xstep, xl, xstep, wl, wr, "%0.Of.", xtitle, ri-Ae2);
y_labels(gfd, wl, wt, ystep, -wt, -ystep, wb, wt, "/O.Of.", ytitle);

Loop over the number of traces to plot contained in the input file.*/

for (i = 0 ; i < nx ; i4-)
{

/*

Read the next 24 bytes from the Input and store them in the appropriate
variables.*/

point = (char *)&inclO0;
fread(point, 1, 24, stdin);

xd = inc[O];

tdi inc[l ;

tds = inc[2;/*

Read the next 8*np bytes to get the direct .ave signal values.

point = (char *)inc;

fread(point, sizeof(double), np, stdin);

Read the next 8*np bytes to et the scattered 4ave signal values.
*/

point = (char *)scat;
fread(point, sizeof(double), np, stdin);

If the trace is within the pl -t window ii x, then plot ;t.

if (xflag -= FALSE 11 (xd >= xlolim S& xd <= xhil'n))

; {
/*

Load the plot rector array with the base offset x value and the
t value for , ich point.

*/

aline &ineO0];
for (n 0 ; n < 16384 ; n +- 2)
{

S*aline-+ =xd;

*aline++ . (float)(n / 2) * dt * 1000.;
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If the direct wive signal is to be calculated, add tile signial values,

withr tile appropriate offset in the t direction, to the plot vector

array x values. Scale the added1 values appropriately.

if (Wflag ==0 11 wflag ==2)

j=(int)(tdi / dt) *2;

if (j >= 0)

aline =&iinetj];
j = 0;

elIse

aline =&line[01;

for (n 0 ;n < np ;n+-+)

*aline+.+ scale *xscale *inc (n+jh

aline++;

If the scattered wave signal is to be plotted, add the scattered z

wave sig-nal x valtues, with the appropriate offset in t, to the

plot vector array x values. Scale the scattered wave signal

appropriately.

if (wflag ==I wflag =ý2)

j it(~ dr) *2;

if (j >ý- 0,

aline I ine jP
j 0;

else

j =-j /2;

for (n =0 ;n < np ;n4-*)

*aline++ += scale *xsca1lt' scatfn+jl;

Drx4~ the i nlt raco.~

interior_ styleQgf, INT -SOL[O);

polyline2d(gfd, &line[0], 8192, FALSE)



If the threshold filling option has been ;:,olected, find .:d fill all
trace regions past threshold from the base x offs,-t value.

* /

if (thresh != 0.)
{

for (n= 0, k =-l ; n < 16384 ; n += 2)
{

/*
If the x value of the curve over the base offset is greater than the

threshold, start the fill process.

if ((line[n] - xd) / thresh >= 1.)
{

/ *

If tC•is is the first point of the region to fill, then set the
point of the plot vector array with the point at which the
line crosses the tl cshold.

S/'

if (k < 0)
{

k = (n == 0) ? n : n - 2;
line[k+l += (line[k+3] - line[k+1])

* (thresh + xd - line[k])

/ (line[k+2] - line[kl);
line[k] = xd + thresh;

1*
If the trace line is no longer over the thresholi, then fill the

region.*/

else if (k >= 0)
{

Set the point of the plot vector array which ends the fill region
with the point at which the trace line crosses the threshold.

*/

line[n+1] = line[n-1] + (linetn+1] - linetn-Il)
• (thresh + xd - lineln-2])

/ (line[n] - line[n-2]);
line[n] = xd + thresh;
j = I + (n - k) / 2;

1*
Vd the . pr,,priato part uf the plot vector array into the partial

polygon buffer.
*/

1,at ial _polygon2d(gfd, & ine [k , j, FALSE, TKUE);
H--1;

}
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Fil all regions selected previously.

polygon2d(gfd, &line[O], 0, FALqE);
interior style(gfd, INTHOLLOW);

}

Close the graphics device.

g c 1 gf d)

H. 3.2.2 coUp.act

Price,'re nar-o compact

Author J.C. Biard

Dj scuss ion
This procedure takes ascii numeric output and converts it to

binary. This allows a large savings in memory.

Invocation
The programi is invoked by the commnd-

compact < ifile > ofile

where ifile is the ascii input file and ofile is the binairy
output file.

This program 'nay be used as a filter.

Prý_c, .lvres called from this module
norie

?'-:.raai variables

ic m:de <stdio.h>

I !: ()

char ibuffer[3801, *obuffer;
int n;
doubl e x;

1*
Reid strings of asc it characters separated by white space one at

a tim m until the end of the file.
*/
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Seek thoug;h the string until a decimal mark or the end of string is found.

obuffer = ibuffer;
while (*obuffer !=''&& *obuffer != "101)

obuffer++;

If the seek stopped boCaulse it was the end of the string, considier
it to be an integer number string and read it into an intbeger ,oi-,*b- Ie.
Then write the binary contents of the integer variable to t'.e oiitput.

if (*ohif fer '0)

st-.'anf (&ihuf fer[(01, "'%d", &n);
o'buffer = (char *)&n;
fwrite(obuffer, sizeof(n), 1, stdout);

If the seek stopped because a decimal mark was found, consider
it to be a decimal number string and read it into a double variible.
Then write the binary contents of the double variable to the output.

else if (*obuffer = .'

sscanf(&ibuffer[0], "%7lg", Wx;
obuffer =(char *)&x;
fwrite(obuffer, sizeof(x), 1, stdout);

else

If none of the aUove w-orks, write an error message.

fprintf(stderr, "Unrecognizable string: Zs-n", ibuffer);

Pus;h the output into the ol~rpit file.

fflush(stdout );

H1.3.2.3 iTnput _Pair_.imet-er Fil-e for- vuseis

This ex~iimple input file for the program vuseis specifies the s;cale,
t hr,.;hold limi r, x l imits, Land t limits for the graph. The f-Irm of the file
muist , uform cxa' I ly to this cxample in terms of which value is onl which 1 inc,
ai hI h the cu)m!ii( tts are not ncceFc-,;ry.
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t00. , 0. 4 ScalIe , blaicki g thres3holId (<0- Ilef , Q0-s ighY =0--i
0., 0. 4left x limit, right x limit.
0., 120.4 start ingý time limi t, stoppi1n'ý t ime"- ho: r .

H.~3 Com"mon Cr ijphic SubrOL' ino.

These subroutines are used by the plane wave and line sourco graphin-g

progýra:is to performi the repetitive tasks of coordinate syste,-s initi.4ti7zttionj,

ch~~cersizin-ýaxi drawing, and labeling.

Proceh~reaxis

Asi t 1.-)r .J.C. Biard

Th is proced ure d raws a pa ir o f axes sins opt i o n.1I ly d'rsiws

t ic raorK o n the axes.

For,'-il Argrtt:,:cnts

Inputi

gffd File descriptor of the gradhics device special file.
X0 X location of the origin of the axes.
YO Y location of the origin of the axos,.

Xstep X axis tic mark spacing.
ystep Y axis tic mairk spacing.

Outputnone

CEt - I Aa abl10es no n'

aU ~ gf1,X(), YO, xstt-p, ystep)

fi~ x0' yO, xstep, vstep;

float phjslim[2H[3 1, res[3], pl[31, p2 [3 );

float vi, vr, vb, vt, wl, wr, wb, wt, dum, vtx, vty, tx, ty;

float X, Y;

Get the plotting surface limits in VDC and WIC coo)rdinalte syStems;.

inqtrt~sizs~gd, hyaIim, res, pi, p2, &cmap);

VI= 0.;
yr =(phy-. i ml ]1(0) physi im'[01 [0]) /(phys 1im [111 h] m[[11)
vb 0 .;
vt 1.



vt x =t = .15

vdc- to--. c (gfd ,vr, vt , 0. , &wr , &wt , ",m

Get the tic mark lenaths in the WC.

vdc to wc(gfd, vtx, vty, 0., &tx, &ty, 11dum);
tX - wi;
ty - wb;

Draw the axis lines.

move2d(gfd, wi, yO);
d&aw2d(gfd, wr, YO);
:o,'e2d(gfd, xO, wb);

draw2d(gfd, x0, wt);

If xst~p =0, thton don't draw x tic marks.

if (xstep !=0.)

Draw tic marks on the x-axis from xO to wr.

for (x =xO ; x <= wr ; x += xstep)

move2d(gfd, x, (yO + y)
draw2d(gfd, x, (yO - y)

Draw tic marks on the x-.axis from xO to wi.

for (x =xO ; x >= ;l ; x -~ xstep)

move'd(gfd, x, (yO + y)
dr.a_'d(gfd, x, (yO - y)

If ybtep 0, thtn don't draw y tic marks.

if (ystep != 0.)

Draw tic riirks on the y-axis from yO to wt.

for (y =yO ; y <= wt ; y tý )'Step)

mtuvu_2d~gfd, (xO + tx), y)
dr~iw'd(,gfd, (x0 - tx), y);

Draw tic Mirks on the y--.ýxis f om yO to wb.
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for (y = yO ; y >= wb ; y -= y.rep){
move~d(gfd, (xO + tx), y);
dra'42d(gfd, (xO - tx), y);

}

.3.3.? init-coords

Pro cc', re: init coords

Author J.C. Biard

Disc,- ss ion
This procedure sets the World Coordinate limits

within the physical limits of the graphics device
and sets default values for some graphics options. •

FO rm•a I. Ar ir:ent s ."

I npu t

gfd File descriptor for the graphics device special file.
wl World Coordinate window left limit value.
wb World Coordinate window bottom limit value.
wr World Coordinate window right limit value.
wt World Coordinate window top limit value.
fl Fraction of plot surface left of tht window.
fb Fraction of plot surface below the window.
fr Fraction of plot surface right of the window.
ft Fraction of plot surface ab, e the window.

O11 p•it none

Ex.x -. Var z-viables none

. c ,,:. ,(g , wl, wb, wr, wt, fl, fb, fr, ft) ;
int gfd; i-i

float w'., wr, wb, wt, fl, fr, fb, ft;

int cmap;
float physlim[2](3], res[3], pl[3], p 2 ( 3 1;
float mat[3][2], vl, vr, vb, vt, sx, sy;

Find the phys;ical limits of the graphics device.*/

inq,;ire sizes(gfd, physlim, res, pi, p2 , &cmap);
vI = 0.;
vr = (phy-ilimn[l][OJ - physlim[Ol[0]1) (physlim[l -i] physlim[0l1(]);

.... ~!( . .....



vt 1.

Ini tia' ize the trr~insforjL mati!on rnatr ix to create the ',orl d Coordinat.1e
s y st c m a s Spe c if ied.

sx = (.-fi 1 fr) * (yr -vi) /(yr - v);
sy= (1 -b -ft) * (Vt ý-vb) /(wt -wb);

mat[jOHO] = sx;
mat[0)[l] = 0.;
mat[1][0] = 0.;
mat[ ]1I1 sy;
matL21(O] = fl * (yr - vi) - sx * wi;

mat[2][1] fb * (Vt -vb) - sy * wb;

Set the Virtuial Device Coordinate limits and the mapping projotion.

vdc c&xtent(Lfd, vi, vb, 0., Vt, Vt, 0.);

ry.ping modtdgfd, TRUEF);

S~t the fill style for polygons to empty.

inteýrior style(gfd, INT HOLLOW);

Install the World Coordinate ;ystem.

po)p-matrix(gfd);
push vdc matrix(gfd);
rpla',,ce ma trix2d(gfd, riat);

H. 3. 3 3 cb~r;3cter-size

Procdj-':.re character-size

Author J.C. Biard

Dist iosion
This pr n)ciodre se(t< the chairacter size :nd aspec t rtit to.

4 Formail Argn- <,nts

gf d FilIe desc r iptor for the gra)plics decv Ice sp*ia1 f ile .
She ight The charaicter height in Virctual Device Coordinates.

fac- rto r The as;pec-t ratio of thechccrs

Oult juýt 1moIe

Fx f i alI Va r-i al e)1 ,s ni)ne
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g~ -d

I Iol it he ,1 i t

'Thr' n the hi tOF the charact, r"s inl Winrl~ Coordirz~i-ýs.

vdc to .c(gfd, 0. ,0., 0., &dtim, &whl), &'
vdý t, w,( fd .,h ilr, 0. 0. &dluri, &%wh , &d'irm)

S, tho. h c¾~ ~tr h~>t

chi- tier h h(fwh);

Ob t h! ccha r ic' te r Li It in Wo rn11 Coo:-d irnc tes

t 0. , 0., 0. , &-4110 d 7m, & d Im)
v t. a (fcto r *'he igh ) 0., 0., &,,,h, & Iii~ &d:rn)

' -N

-I¾ d r 1w 1 ,i'sa

*t

xhi'L~,~ Xn~ daws ovi.,i hetlic in us-er units.n l~l

x j in1 X poLsition ofrl te-axsoiin truin oldCodnt.
x poiftibound of th,, x-axis<, oiin inWoldCordnae

x r RighIt bowlm ,f the x-axis<, in WorldCor~irx
fo-rForm it for w c i t i n, tic m~irk l-m¾ I i. (As u,;ed, by pr intit.

x(ita Axis; titlo st.r ing,,.
t it1l1 Gr i fb t i rlef st r in'.l



put

te r na I %Vaýr ýi ab I es nkaae

x 1--bels(gfd, xO, YO, xstep, xbase, xjurnp, xlI, xr, for-.at, 'xtitle, title)

chýar *xtitle, *format , *title;
tnt gfd;
float x0, yO, xstep, Xb;3Se, Xjurnp, 'xi, xr;

char stringl201;
int cinap;
float physlim[2][3], res[3], p113], p2 [3 ), extent[12];
float vi, vr, vb, vt, wi, wr, wb, wt, dum;

flIoat x, y;

Obtain the extent of the - raplhics window in WoNrld rd>it.

inquire sizes(gfd, phvs-lim, res, pi, p2 , &cmap);
vi = 0. ;
yr =(plyslimll 11 0] - physlim[0] 101) (ph\'slimlI 1I1 I l~sini I )

vb = 0.;
Vt = 1.;
vdc-to-,wcQgfd, vl, vb, 0., Mw, &wb, "ýdum);
vdc_to-wc(gfd, vr, vti, 0., &.;r &wt, &dum);

Set the size of the !,hýl chaýracters, s'et the text a~mn n

Sot the softwaire cl ippi ng bonaltmary to the Virtualý1 D-uvIce iis

character size(gyfd, .035, .5);

t * extalI i gn;ne nt (g fd , TAC CN fF R , TAT TP , 0. ,
li p i nd iat,.r gyf d, C-LiP TO VDC);

Lahe)l the tic marks :i the rig-ht part ,)f the x-axis :n us.ýer un1its.

-or (x = xO, dram =:.:hase ; x <=xr ;x+xstop, h!im i-= xjii.-p)

sprintf(string, formait, dumi);
text2d(gf d, x, yO, string, WRDC(,iAP XFALSE);

La;bel the tic ma,.rks on the left pairt of the x axis in riser units.

for(x (xO-..'step), dram =(x.base;t-xjmriip) ; x >ý xl ;x -~ xsteýp, dual \ý xJmp)

2drif (s rn, frirnat, FArrn);

xt d~gdx , 'Y'0 ,string,, WORLD -COORi) I NA 1'EFEXrFAS)

Draw the ixis title-.

X- (xr + (1) 2.
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y yC-2 * t tKj ( 7 ex.L~ 14])

c ha rater -s izegf I,' . (), .5) ;
te xt 2d~f x, y , xt Lit I,- ý,WC<. U C0!ji,, NT1- TEX F, FALsil)
text alig-n iteat (gi, TA_ CKNiK,- TA TOP, 0.* , 0.);

Dr~aw the graph titl 1,

y t
cherct~rsize(gfd, .O0 , .5);
te~~Qfx, y, title, WOR'LD COORDINATE TEXT, FA-))

ci in,' ~caý r Ed , CL I PTO-RECi)r

H. 3.3. 5 vl--Iel12

A,,i J.C. Biird

This proce,!tre d rai-.; labels c to the le ft of a y-ax' lne .

For i' Arguren,-

gfd Fi le ecript or of the. graphics; device spec-ial f ile.
X0 X po7i ti1o n of the y-axis; origin in World Coordinat~es.
yo Y posi tion of the y-axis; origin in W.orld! C-aordinaltes.-
ys ttp Y axis tic maKincrei-wnt in WorldCor ines
yba; Y axis; orig- In val-ie- in user unit-,

y Y axisý tif- MalrK" ilnCVt1,nt in usrunit
y b L ow r bm U 1111Of tile V-0 is in War -idCo Iin

ytUpper boai:il of tho y-axis; in World. Coordi1nates,.
f o ~ Er~a fo r wri1t ingý, t i ma rk lablo Is. (Ac u-sed b., printf.

v ti1t I Axis, title strin,,.

x i'na V ar iiLa )1 ,; no nc

li.~~gdxO, yO, ystep, ybaso, yjuIMP, yb, yt, format, ytitle)
'hII! *ytjtle, *jormlit;
jot gfil;

I ~tXO, YO, ystep, ybas'e , yjun-.p, yb, yt;

char riJ0
int cmo'
floatI pihyaliil2j 1(3], res[3], p1 [3], p2-[31 , extent! 12];
floatý Vi, vr, vb, vt, wi, wr, wb, wt, dum:

....... ...



Obtain CIO ext ent Of the Lgr;,phi Cs '-;Idc in ,jrld C ).ri i no t' s.

inqjuire_ sizes(gfd, physlim, res, p1, p2, &criap);
v1 0. ;
yr =(physlim~l1][0] - physlirn[O] [0]) / (physlim[1] [1] - physli irKO[11);
vb =0.;
vt = 1.;
maxien 0.;
vdc-to--wc(gfd, vi, vb, 0., Mw, &wb, &dum);
vdc_to-wc(gfd, vr, vt, 0., &wr, &wt, &du;n);

Set the size of the label ch-ariacters, set the text alignmýiit ,and
se~t the software clipping boundary ro the Virtual Device 1 iT-As.

char,-cter size~gfd, .035, .5);
text .ý14 !Yn: enT t ( gfd , FA R.GHT, TA BASF, 0., nl.);
clip i'nico-tor(gfd, CL I PTO% VDC)

Shi ft the AO valute over by the width of .ine Imar<icter.

inquire text extent (gfd, "A", WORLD CCOORDINATE TEXT, ext,:ur );
X0 -~ .5 * ('extent[91 - extent[3]);_

Libel the ',ic irirks on the uipper part of the y-axis in user lmiu~s.

for (y = yO, dum =ybase ; y <= yt ; y += ystep, dum += vjump)

sprintf(string, format, dum);
text2d(gfd, \0, y, string, WORLD -C0OR1DINAYE TE.XT, FAI-l BK
Snqu.iire_ttuxt uxtnt? 1(gfd , string, WORLD COO(R DINAt T':_EXT,-xui
x = xtent[9] - texte.nt[3];

:..ixlen =(x > mnnx1~n) ? x : 7,xlton;

ahlthe tic marks on the lwer part of the y-axis in t.'er units.

fur(y =(y0-ys'tep) , diun = (yb-lse-yjur;p) ; y >- vb ; y, -~ vstep, durn

sprintf(string , format, dum);
text2d(gfd, xO, y, string, WO)RTD COORi)FNAI'E i-.Xr, RAISE);
inquire text extent(gfd, string, Wi)RLD C Y;ý)RDINAfE TiIXT, extent);
X= extent [9] - "xt-nt [3];

Dr 3W the axis title.

ch.aracter si/e~gfd, .06, .5);
te-xt__al iý,)i;._nt~gfd, TA R1iflE, !A__HALF, 0., 0.);

i nqiire _trt~text#ent (fd , "A", WoRID COORDiNATE t'EXT, ex.tent)iy =(yb + yt) / 2.;
x xOA - 2. 5 *(extent [ 9 - ext (_1t [3]) - inixltn;

textd~gd ,x, y, yt it le, V, O!RLD CAPIRDINA LE tEXT, PAPSF:);
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text'-alI j Gn(f d , TA R I k!f1, TA CAP, 0., 0.)
x += exý ent [9~ exteaIt[3
txt 2d( ,fd, x, y , "s", WOMLO COOPRDINA -TfFAIAý':;
Ili p-mi n or dd CLIP_ TOREAL;

H. 3. 3.6 y-i a'isr

Autho r J.C. Biard

Discusio0n,
This procedure draw~s labels to the right of a y-axis iq

r rm- i I Ar i:cre at

1 -1p
,,Ed File descriptor of tht. graphicýs device specia' file.
X0 X position of the v-ax<is origin in World Coot" in~i.
yO Y position of the y-axis origfin in World ori~iti
ystep Y axis tic mark inc reaent in World Codnts
vbasoe Y axis origin value in user units.
yjiu -- Y axis tic mark inc-rement in user units.
yb Lower bound of the Y-axis in World Coor-d~inates.

Uppe--r bou-n.I of th,* v-aXis in Wcorld CoourJ i~n.tes.
format1ý Formatý for riitic mnark labels. (A-- us-ed be- prinif.)
ytitle Axis, title s-Inc,.

Ou~tput none

v v X~c 1, x0  sO st Py vbaI , vj 1--o bV t fo0r int, It t it le)

mt it

-'A-(0, O ystep, yb-is yjurinp, yb , vi;

c ha r stringt2O];
mnt cm.ap;
float physlirnl21[3], res[31, pl[3], p2[31, exteut[121;

4float vl, vr, vb, vt, wl, wr, wb, wt, duM;
flIoat rv ma x IEn;T

obt,i in tho extent of the graphics windo4w in World Coordinates.

inqliireit.'(gd physilirn, rus, pI, p2, Scmip));

(pyi i 1 physli infO[0])/ (phy5;liai[ 1])[1] physlimino][1]);



0.;

vdc t o wc(g fd, v I v b, 0., &wI & %,b, imn)
vdc-to-wc(gfd, vr, Vt, 0., &wr, &wt, ýdum);

Set the size of the label characters, set the text alignment, and
set the software clipping boundary to the Virtual Device limits.

character size(gfd, .04, .5);
text ainntgd TALTTA HALF, 0., 0.);
clip-indicator(8fd, CLI PTOVDG);

Shift , he xO value over by the width of one character.

i nqu f re text_ext en t (g fd , "A", WORLD- C0OURDFT NATE TEXT, extent);
xO -~ .5 * (c..tent[9] - extent[3]);

Ln'ýbel the tic mrnrk's on the uipper part f the y-,ix:i5 in ~srunits.

4:or (y = yO, doum =vbase ; y <= yt ; y += ys up , diim += v2' p* r

sprintf(string, forrnctt, dum);
text2d(gfd, XO, y, String, WO-RLD -COORDINATE TF.XT, FALSE);
Inquire text extent(gfd, string, WORLD COORDINATE I"EXT, e~xtle-t);
x = extent[9] - extpnt[3];
,maxlen = (x > maixien) ? x :maxien;

Label the tic m~irks on the lower part of the y-axis in oicer urits.

for(y =(y0-ystep) , dum (,.base-yjump) ; y >= ,;b ; - step-, 4---t;-n

sprintf(str~ng, fornat, dum);
te~xt ~d~Gfd , xO, y, -;tring, WO)RLD COORDP1 .NATE FEXT, zýALSE);
inquire_text exttent(gfd, string, WORLD COIORJINArE YEXT, extent);
X= exteýnt [9T - extent [3];
rnaxlen =(x > maixien) ? x maxlen;

Draw the axis title.

character si -eQ(fd, .04, .5);
tex~agn' t~dTAVEF17, TAHALF, 0., 0.);

inqjuire text _ext,-nt~fd , "A", WORLD COOPDIN;ATE VEN.T, exte-nt);

y = (yb + yt )/2.;
x xOA + 2.5 *(extent[9] - extont[3]) 4-mxln

temxt-p.th~gfd, PAIIIDOWN);
text2d(gfd, x, y, ytltle, WORLD COOP')[N'ATE TE'XT, FALSE);
txt pnth(gfd, PATHRIGHT);
c1i p indicator(gfd, CGLIP TO RECT);
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